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INTRO DUCTIO N 
S o l a r ene rgy has be en r e c o gni z e d  a s  a potent i a l  s ourc e 
o f  ene rgy for l ow- temp e r atu re agr i cu l tu r a l  app l i c at i ons . 
M any pro c e s s e s ,  such a s  spac e he ating , dryi ng o f  farm 
produc t s  o r  wa ste mat e ri a l s ,  and wate r  he ati ng requi re 
l ow - t empe r ature he at whi ch c an be supp l i ed b y  s o l a r 
radi ati on . He l l i ckson , e t . a l . ( 1 9 8la ) 
c i rcumstanc e s  
att r a c t i ve to 
whi ch make _ s o l ar ene r gy 
the agri c u l tu r a l  i ndu s t r y . 
c i rcumstance s  we re : 
1 .  Ade qu ate l and a re a ,  
l i s te d  e i ght 
part i cu l ar l y  
Four o f  the se 
2 .  Numerous pro c e s s e s  requ i r i ng l ow tempe r atu r e  r i s e , 
3 .  Compati b i l i ty b e tween l ow temperature r i s e  and hi gh 
s o l ar system e f f i c i enc y ,  r e su l t i ng i n  l owe r c o st , and 
4. Avai l ab i l i ty of the ne c e s s a ry ai r moving e qu i pment a s  
part o f  exi s t i ng c rop dryi ng and l i ve s tock 
vent i l at i on s ys tems . 
Re s e arch wa s begun at S outh Dakota S tate Uni ve r s i ty i n  
1 9 76 on a practi c a l  s o l ar system for a gr i cu l tural 
app l i c at i on s . I nve sti gati on c ente red a round a l ow- c o st ,  
mu l t i - u s e  s y s tem whi ch w a s  po rtab l e  and requi red a mi nimum 
o f  mai nte nanc e .  The pre s ent de s i gn evo lved through 
exten s i ve te s t i ng and e va luat i on o f  s eve ra l  d e s i gn 
c onfi gu r a t i ons and vari ou s c onstructi on mate ri a l s .  The 
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sys tem was de s i gne d to be i n  u s e  ye ar- round f o r  c rop dryi ng , 
venti l at i on a i r p rehe ating , and water he a t i ng s o  that the 
e c onomi c retu rn on the i nve stment c ou l d  be max i mi z e d . 
P e rfo rmanc e o f  the s o l a r system w a s  t e sted in 
l abo ratory and f i e l d c ondi ti ons f o r  sho rt du rati ons . 
Howeve r ,  l ong t e rm p e r f o rmanc e o f  the SE I - TE S  s y stem in a 
c omme rc i a l app l i c at i on had not been do cument ed . C l e a r l y ,  
the mo st re l i ab l e  performanc e ratings .b e l ong t o  tho s e  
sy stems whi ch h ave undergone_ extended te s t i ng i n  the fi e ld . 
The re f o re re s e a rch wa s i ni t i ated wi th the fo l l owing 
obj e c t i ve s : 
1 .  Eva luate and document the pe rformanc e o f  the SE I - TE S  
2 .  
s y s tem unde r a c tu a l  venti l at i o n  a i r p rehe ating 
c ondi t i o n s  at an ope rating l i ve s t o c k  p roduc t i on 
f ac i l i ty .  
Comp a re c onventi ona l 
s o l a r - a s s i s te d  f ac i l i ty 
non- s o l a r f ac i l i ty . 
fue l 
wi th 
requ i rements 
tho s e  i n  a 
i n  a 
s i mi l ar 
3 .  I dent i fy p r ob l em s  that re su l t  f r om a c tu a l  f i e l d u se , 
and re c ommend de s i gn change s whi ch wi l l  i mp rove the 
e f f e c t i vene s s  o f  the sy stem . 
4. Re c ommend d e s i gn paramete rs for s i z i ng s y s tems to be 
i ns ta l l e d  i n  venti l ati on he at i ng app l i c at i o n s . 
5 .  Compare s o l ar - s y stem · c o sts wi th the v a lue o f  
convent i o n a l  fue l s aved . 
REVIEW O F  LITE RATURE 
Solar Engineering Principles 
Ac c o rdi ng t o  Kre i th and Kre i de r  ( 1 9 7 8 ) ,  approximate l y  
1 4 . 
1 . 7  x 1 0  ki l owatt s o f  s o l a r radi ati on i s  i nc i dent upon the 
e a rth . App ro x i mate l y  3 0% o f  the i nt e r c epted ene rgy i s  
re f l e c t ed to sp a c e , l ow- temp e rature he at whi ch i s  re r adi ated 
to spa c e  make s up 4 7 %  of the tot a l , 23% o f  the radi ant 
ene rgy fue l s  the evapo rati on/p re c i pi tati o n  c yc l e ,  and l e s s  
than 0 . 5 % o f  the i nc i dent ene rgy i s  evi dent a s  kineti c 
ene rgy i n  w i nd and wave s o r  sto re d  i n  p l ant s through 
pho to·s ynthe s i  s .  
Kre i th and Kre i de r  ( 1 9 7 8 ) a l so s tate d  that onl y about 
one thi rd o f  the to t a l  radi ati on i nterc epted by the e arth 
a c tua l l y re ache s the su rfac e . S eventy p e rc ent o f  the 
su rfac e radi ati on f a l l s  on the o c e an s , whi l e  around 1 . 5 x 
1 o17 ki l owatt- hou r s  re ache s l and i n  a ye a r . Onl y  a sma l l 
porti on o f  the r adi ant ene rgy c an be u t i l i z ed bec au se o f  
phys i c a l , s o c i a l , and e c onomi c l i mi t ati ons . 
Ava i l ab l e  s o l a r ene rgy for a given l o c at i on c an be 
det e rmined f rom i ns o l at i on rec o rd s  and s o l ar c l i mate maps 
from a numb e r  o f  sour c e s . M any o f  the be s t  s ou r c e s  o f  
c l imat i c  i nfo rmat i on we re l i sted b y  Lyt l e  and He l l i ck son 
( 1 9 80 ) . Howeve r ,  B rewe r ,  e t . · a l . ( 1 9 8 1 ) c auti oned �hat data 
for many are a s  a re not pre c i s e , and that unu su a l  atmo sphe ri c 
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c ondi t i ons c an c ont ribute to sub stanti a l  d i f f e renc e s  betwe en 
c a l cu l ated and a c tu a l  radi ati on va lue s . 
I n  many a r e a s  whe re i n s o l at i on i s  p l ent i fu l  and 
i s  ve ry l i tt l e  demand for 
he ati ng or c rop drying . 
c o lde r ,  d amp c l i mate s ,  the 
i s  hi gh ,  but the i nsolati on 
re l ative l y  uninte rrupted , the re 
supp l ement a l  he at for sp ace 
Conve r s e l y ,  in regi ons having 
demand fo r supp l ement a l  heat 
l eve l s  are no t hi gh enough to 
( B rewe r ,  e t . a l . ,  1 9 8 1 ) .  
Collectors 
be e c onomi c a l l y  uti l i z ed 
Ac c o rd i ng to P atton ( 1 9 7 5 ) ,  the primary obje c tive o f  
the c o l l e c t o r  i s  to c onve rt s o l ar r adi ati on i nt o  u s e fu l  
he at . Kre i th and Kre i de r  ( 1 9 7 8 ) s tated tha t  thi s c onve r s i on 
i s  ac c omp l i shed by a sur f a c e  fac i ng the sun whi ch ab s o rbs a 
po rti o n o f  the i nc i dent s o l ar ene rgy and t r ans f e r s  i t  to a 
wo rki ng f l u i d  i n  c ontact wi th the su rfac e . The mo s t  c o mmon 
form o f  s o l a r c o l l ec t o r  i s  the f l at - p l at e  c o l l e c tor . 
Gene r a l l y ,  the f l at - p l ate c o l l e ctor i s  a s i mp l e , du rab l e  
devi c e  whi ch c an c o l l ec t  l ow- to-mode rate - temp e r a tu re s o l ar 
ene rgy e f f i c i ent l y . The f l at - p l ate c o l l e c to r  i s  
e c onomi c a l l y  u s e fu l  fo r spa c e  he ating , a i r c o nd i t i on i ng , and 
dome s t i c ho t - wate r he ati ng ( P atton , 1 9 7 5 ) . 
Duf f i e  and B e c kman ( 1 9 8 0 ) stated that the two c ri t i c a l 
component s o f  the f l at-p l ate co l l e c tor are the c ove r g l az i ng 
and the ab s o rbe r ,  s i nc e the transmi ttance o f  the c ove r and 
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the ab s o rptivi ty and emi s s i  vi ty o f  the ab s o rbe r de te rmi ne 
how much of the i nc i dent radi ati on w i l l  a c tu a l l y  be 
avai l ab l e  to the t r an s f e r  f lu i d . 
The mo st c ommon ab so rber mate r i a l s a re c oppe r, a lum i num 
( T ro tte r, He i d, and Mc E l roy, 1 9 7 9 ) ,  and she e t  ste e l  ( Duffi e 
and Beckman, 1 9 8 0 ) . I nexpen s i ve f l at b l ack c o a t i ngs c an be 
u s ed to enh anc e the the rma l  ab s o rpti on of the ab s o rbe r 
mate ri a l s .  The s e  c o at i ngs may have an ab s o rptivi ty up to 
0 . 9 8 ( M idwe st Pl an S e rvi c e, 1 9 7 8 ) . However; the emi s s ivi ty 
of the su rface i s  re l ated to the ab s o rp t i v i ty, and, 
ac c ording to Patton ( 1 9 7 5 ) ,  reduc i ng the l o s s e s  f rom 
i nfrared emi s s i vi ty w i th mo re expens i ve s e l e c ti ve c o at i ngs 
re su l t s  i n  l o we red ab s o rptivi ty va lue s . Patton ( 1 9 7 5 ) a l s o 
su gge s t s  di s advant age s 
se l e c t i ve sur f a c e s .  The 
bec ome f aded o r  c r ac ked 
fo r both f l at - b l a c k  p a i nt s  and 
l e s s  expen s i ve b l ack p a i nt may 
dur i ng the l ong- te rm l ife o f  a 
c o l l e c to r  whi l e  du s t  and mo i sture i n  harsh envi ronment s may 
have a ve ry adve r s e  e f fect on de l i c ate s e l e c t ive su rfac e s . 
Brewe r, e t . a l . ( 1 9 8 1 ) rec ommended f l at-b l ac k  p a i nt fo r 
l ow - tempe r atu r e  agr i cu l tu r a l  app l ic at i ons s i nc e  the 
se l ec tive c o at i ng s  m ade a s i gni f i c ant i mprovement only i n  
re l at i ve l y  hi gh- tempe rature s i tuati ons . 
Patton's survey ( 1 9 7 5 ) o f  c ove r mate r i a l s  reve a l ed that 
gl as s was the mo s t  sui tabl e gl az i ng f o r  f l a t - p l ate 
co l l ec to r s  bec au s e  of i t s  hi gh t r ansmi s sivi ty in the s o l a r 
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spe c t rum and i t s  opaquene s s  to l ong-wave radi ati on emi tted 
outward f rom the ab s o rbe r . Patton ( 19 75 ) a l s o f ound that 
many of the p o l yv i nyl and p l asti c g l az i ngs t e s ted were much 
l e s s  dur ab l e  than g l a s s  and had unde s i r ab l e  the rmal 
expan s i on prop e rt i e s . · Brewe r ,  et . a l . ( 1 9 8 1 ) re c ommended 
s i ng l e  g l az i ng f o r  l ow- tempe rature f l at - p l ate c o l l ec to r s  
u s i ng a i r  a s  the wo rki ng f lu i d  be c au s e  o f  the mi nimal 
c onve c t i ve he at l o s s e s  at l ow tempe rature s .  
The s e l e c t i on o f  a wo rki ng f l u i d w i th optimal · 
characte r i s t i c s  i s  i mpo rtant . Kre i th and Kre i de r  ( 1 9 7 8 ) 
l i sted s eve r a l  advant age s of a i r- type c o l l e c to r s . The se 
i nc luded : no f re e z i ng prob l ems , l i tt l e  i nt e r n a l  c o rro s i on , 
l e aks have l e s s  s e r i ou s  c ons equenc e s ,  and no he at e xchange r 
i s  ne eded between the c o l l e c to r , sto rage , and bui lding . 
The se s ame advant age s make ai r a sui t ab l e  t r an s f e r  medium 
for agri cu l tu r a l  app l i c at i ons ( B rewe r , e t . a l . ,  19 8 1 ) .  
Bec au s e  the c onve c t i ve he at- tran s f e r  c oe f f i c i ent for 
ai r i s  c o ns i de r ab l y  l owe r than it is for wate r , Kre i th and 
Kre i de r  ( 1 9 7 8 ) rec ommend providing the l arge s t  po s s ib l e  
surfac e - to - a i r  c ont a c t  are a fo r max imum pe r f o rmanc e . Thi s 
c an be e f f e c t i ve l y  acc omp l i  shed for l ow-temp e rature , 
re l ative l y  hi gh a i r f l ow app l i c ati ons by b r i ng i ng the 
i nc oming a i r between the g l az i ng and the ab s o rber and 
forc i ng i t  t o  retu rn behi nd. the ab s o rb e r  ( Patton , 1 9 7 5 ) . 
Thi s doub l e - p a s s  p atte rn reduc e s  l o s s e s  by keep i ng the 
warme st a i r away f rom the g l az i ng whi l e  doub l i ng the 
e f fec tive he at t r ans f e r  are a o f  the ab s o rb e r .  I t  i s  a l s o 
e s senti a l  to m a i nt a i n  tu rbu lent f l ow c ond i t i on s  i n  ai r 
c o l l e c to r s  to obta i n  maximum the rma l pe rfo rmanc e ( Ho l man , 
1 9 81 ) . 
Ori entat i on 
de s i gn .  B rewe r ,  
i s  anothe r factor i n  f l a t p l ate c o l l e ctor 
e t . a l . ( 19 81 ) noted that , a l though the 
b e st o r i entat i o n f o r  a c o l l ec to r  i n  the no r the rn hemi sphe re 
wou ld be s outh- fac i ng wi th a..n angle o f  t i l t  e qu a l  to the 
l at i tude minu s  the s o l ar dec l i nat i on ,  the c onstant 
adj u s tment nece s s ary for s e a sonal v ar i ati ons o f  de c l i nati on 
wou l d  not be fe a s ib l e  f o r  mo s t  i n s ta l l at i ons . They 
rec ommended an ang l e  o f  ti l t  e qual t o  the l at i tude f o r  
ye ar- round u s e and l at i tude plus o r  minu s  1 5  degr e e s  fo r 
p r imari l y  wi nte r o r  summe r u s e , re spe c t i ve l y . 
Concentrating Reflectors 
The t e rm s  re f l e c to r  and c o nc entr ato r are u sed 
inter change ab l y  
Kre i de r  ( 1 9 7 8 ) 
throughout the l i te rature . Kre i th and 
de f i ned c onc entrato r s  a s  re f l e c ti ng o r  
re f ra c t ing devi c e s  whi ch are o ri ented s o  that the inc i dent 
radi ati on i s  focused onto a receive r , thu s i nc re a s i ng the 
su rface flux i ntens i ty above that no rmal l y  s t r i king the 
re ce iver area a l one . Duf f i e and Beckman ( 1 9 8 0 ) and Me ine! 
and Me i ne! ( 1 9 7 6 ) pre s ent detai l ed opt i c a l  ana l ys e s  of the 
mo st c ommo n  c oncent r a t i ng c o l l e c to r s . 
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The mo st p reva l ent re a son f o r  i nc o rporating 
c onc ent r at o r s  i n  s o l a r sy stem de s i gns i s  to i nc re a s e  the 
ope r at i ng tempe ratu re for 
( Duffi e and B e c kman, 1 9 8 0 ) . 
hi gh tempe ratu re app l i c a ti ons 
He l l i ckson ( 1 9 80 ) st ated that 
c oncent r ato r s  c an a l s o be u sed to reduc e s o l ar s y s tem c o st s 
by reduc i ng the c o l l e c to r  su rface area whi l e  m a i nt a i n i ng the 
de s i red s y s tem output . 
Re f l e c to r  o r i entati on i s  o f  c ons i de r ab l e  i mp o r t ance . 
Duf fi e and B e c kman ( 1 9 8 0 ) no ted that hi gh - tempe ratur e, 
po i nt- f o cu s i ng c onc entrato r s  mu st have s ophi s t i c ated 
tracking s y s tems to maint a i n  a prec i s e po s i t i on re l a t i ve to 
the sun . However, it wa s ob s e rved that f o r  c e rt a i n  
l ow- c onc ent rati on, l i near re f l e c t o r s  the opt i c a l  
requi rement s f o r  focu s i ng c ou l d b e  met b y  r o ta t ion about a 
single axi s ,  and that, for s ome de s i gns,  adj u s tment s about 
thi s ax i s  we re o n l y  nec e s s ary on a we ekl y o r  month l y  b a s i s .  
Kreith and Kre i de r  ( 1 9 7 8 ) ment i oned the ex i s tenc e o f  a group 
of c o l l e c to r s  whi ch emp l o y  f l at - p l ate ab s o rbe r s  c ombi ned 
wi th re f l e c t o r s  whi ch inc re a s e  r adi ati on f lux by f a c t o r s  of 
2 to 1 0 . Thi s i nte rmedi ate group di d no t p ro du c e  a sharp 
focu s and the r e f o r e  requi red ne i the r a c cu r at e  t r acking 
mechani sms no r expen s i ve hi gh-prec i s i on opt i c a l c omponent s . 
A wi de r ange o f  re f l e c t i ve mate r i a l s a re ava i l ab l e  fo r 
u se wi th c onc ent r a t i ng c o l l e c �o r s  ( So l ar Age Cat a l o g, 1 9 7 7 ) . 
Col l i ns,  e t . a l . ( 1 9 8 3 ) sugge sted that me ta l i z ed po l ye s te r 
f i lms may b e  the mo s t  c o s t - e ffe c t i ve re f l e c t i ve mate r i a l  for 
l ow- tempe rature,  l i ne ar c onc entr ato rs . 
An i nhe rent di s advant age o f  c onc entrat o r s ,  exp re s sed by 
Kre i th and Kre i de r  ( 1 9 7 8 ) , i s  that onl y a sm a l l  porti on o f  
the di f fu s e  ene rgy i nc i dent upon them c an be e f f e c t i ve l y 
de f l ected to the rec e i ve r  surface . 
Thermal Storage 
Patton ( 1 9 7 5 ) stated that fo r spac e he at i ng 
app l i c a t i ons, a the rma l  s to r age medium mu si b e  p rovi ded in 
o rde r to r e t a i n  ene rgy c o l l e c ted dur i ng p e rio d s  of hi gh 
i n s o l ati on f o r  u se on c l oudy days o r  at ni ght . A c c o rdi ng to 
Kre i th and Kre i de r  ( 1 9 7 8 ) ,  the addi t i o n a l  c o s t and 
c omp l exi ty o f  the rma l  storage i s  ne c e s s a ry to p rovi de heat 
sto r age c apa c i t y to reduc e  f luctu at i ons i n  ava i l ab l e  ene rgy . 
The fo l l o wi ng are l i sted by Patton ( 1 9 7 5 ) and Kre i th 
and Kre i de r  ( 1 9 7 8 ) a s  i mportant f ac t o r s  t o  c on s i der i n  
se l ec t i ng sto rage mate r i a l : phys i c a l  re l at i onship to the 
bu i l di ng, c o s t o f  the the rmal sto rage , whi ch i nc lude s both 
the c ontaine r and the sto r age mate r i a l ,  sto r a ge c ap ac i ty per 
uni t vo lume, and c yc l i ng l i fe o f  the mate r i a l . Kre i th and 
Kre i de r  ( 1 9 7 8 ) d i v i ded storage mate r i a l s  i nt o  two c l a s se s : 
l atent he at s to rage and sens i b l e  heat s t o r age . F o r  l ow 
temperature app l ic at i ons such a s  space he a t i ng, they 
rec ommended s e n s i b l e  he at storage in the fo rm o f  wate r o r  
rocks . Ac c o rd i ng to Patton ( 1 9 7 5 ) ,  rock and grave l we re 
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u s ed in a numbe r  of p roto type s o l ar s y s tems bec au s e  o f  
s i mp l i c i ty, re l i abi l i ty ,  and l ow mai ntenanc e .  Ano the r 
advant age o f  u s i ng rocks wi th ai r-he at i ng c o l l e c t o r s  i s  that 
the ne ed fo r a heat exchange r i s  e l imi nated ( Kre i th and 
Kre i de r, 1 9 7 8 ) . 
Brewe r, e t . a l . ( 1 9 8 1 ) li sted thr e e  me thods fo r the 
de s i gne r to u s e  i n  l i mi t i ng he at l o s se s  f rom s to rage . The se 
we re : mi nimi z e  the su rface are a- to -vo lume r a t i o, use the 
appropri ate 
ground o r  
temper atu re 
amount 
i n  the 
o f  i n su l a.ti on, and p l ac e  
bui lding t o  b e  he ated 
s t o r age be low· 
to redu c e  the 
d i f fe renc e betwe en the s t o r age and i t s 
sur roundi ngs . 
S t o r age bed shape i s  ano the r i mp o rt ant f a c e t  o f  the 
de s i gn . Kre i th and Kre i de r  ( 1 9 7 8 ) di s c u s sed the ne ed to 
c ons i de r  trade o f f s  between pre s sure drop and f l u i d  re si denc e 
t i me i n  o rde r t o  de s i gn a s y s tem that i s  b o th e c onomi c a l  and 
e f f e c t i ve . 
Design Considerations 
Kre i th and Kre i de r  ( 1 9 7 8 ) st ated tha t, " I t  i s  appa rent 
that the e c onomi c vi ab i l i ty of s o l ar ene rgy i mp rove s wi th 
i nc re a s e s  i n  c o l l e ctor e f fi c i enc y, i n s o l a t i on l eve l,  
a l te rnative fue l  c o st, and tota l l i fe o f  the e qu i pment, but 
dimi ni she s w i th i nc re a s i ng i ni t i a l  c o s t o f  the c onve r s i on 
equ i pment . " I n  l i ght o f  thi s-c onc l u s i on, Du f f i e and Be ckman 
( 1 9 8 0 )  sugge sted that the re may be me r i t  i n  de si gning 
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co l l e c to r s  w i th a l ower e f f i c i enc y than i s  a c tua l l y po s s i b l e  
i f  a s i gni f i c ant redu c t i on i n  c o s t i s  achi eved . 
For agri cu l tu r a l  appl i c ati ons , de s i gne r s  mu s t  put top 
pri o r i ty on du r ab i l i ty, s i mp l i c i ty, and e a s e  o f  c a re and 
mai ritenanc e .  The b a s i c de s i gn and cho i c e  o f  materi a l s  
should mi n im i z e  bre akage o f  g l a z i ng ,  de t e ri o ra t i on o f  
ab s o rbe r c o at i ng, mo i sture damage due t o  c onden s a t i on o r  
l e aki ng, du st and deb r i s o n  c o l l e ctor and s t o r a ge su rfa c e s , 
and c o rro s i on o f  the structu r a l  mate r i a l  and duc twork 
( B rewe r, e t . a l . ,  1 9 8 1 ) . 
Cl imate i s  the s i ng l e  mo st i mpo rtant f a c t o r  i n  de c i di ng 
whethe r o r  not a p a rt i cu l ar so l a r system i s  fe a s i b l e  i n  a 
given l o c at i on . C l i mate i nf luenc e s  the amount o f  radi ati on 
ava i lab l e  and i s  a maj o r  c au s e  of de teri o r at i o n . The refo re, 
Bre we r , e t . a l . ( 1 9 8 1 ) noted that de s i gn s  mu st be we l l  
p l anned on the b a s i s o f  a c a refu l  s tudy o f  l o c a l  we athe r 
patte rn s . 
The probab i l i ty o f  hai l mu st be c on s i de red i n  
de te rmi ni ng the t ype o f  gl az ing mate r i a l  to u s e ,  ac c o rdi ng 
to Brewe r, e t . a l . ( 1 9 8 1 ) .  They a l so note that whi l e  rain 
may be su ff i c i ent to remove du st from s ome r e s i denti a l  and 
c omme rc i a l c o l l e c to r s ,  i t  may not remove c ontaminant s 
c ommonly found a round gra i n  dryi ng and l i ve s t o c k  hou s i ng 
fac i l i ti e s . Snow c ove r i ng the c o l l e c to r  sur f a c e  w a s  l i sted 
a s  anothe r potent i a l  s ource o f  i ne f fi c i enc y .  
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Patton ( 1 9 7 5 ) u rged c a re fu l  de s i gn o f  gl a z i ng for e a s e  
i n  rep l ac i ng b roken pane l s . Patton 
prote c t i on a g a i n s t  du s t , 
mate ri a l  whi ch c an ent e r  
mo i sture , and 
an a i r-he a t i ng 
a l s o  sugge sted 
o the r fo re i gn 
c o l l e c to r  and 
s e ri ou s l y  a f f e c t  heat co l l e c t i on and tran s f e r  c ap ab i l i t i e s . 
The behavi o r  o f  c o l l e c t o r  mate ri a l s  a t  abno rm a l l y hi gh 
t empe rature s i s  an i mpo rtant a spect o f  so l ar- s y s tem de s i gn .  
Patton ( 1 9 7 5 ) remarked that such a s i tuati o n  mi ght o c c u r  a s  
a c on sequenc e o f  a powe r o�tage, re su l t i ng i n  a lo s s  o f  · 
f lu i d  c i rcul ati on . Du f f i e  and Beckman ( 1 9 8 0 ) a l so s t r e s sed 
the fac t that the c o l l e c t o r  mate r i a l s mu st be ab l e  to 
wi th st and hi gh t empe ratu re s , and the de s i gp mu s t  a c c omodate 
the the rma l  exp ans i on whi ch i s  l i ke l y  to o c cu r  unde r no - f l ow 
c ondi t i ons . 
Both Du f f i e  and Beckman ( 1 9 8 0 ) , and Patton ( 1 9 7 5 ) , 
rec ommended de s i gni ng f o r  an ave rage e f fec t i ve s y s t em l i fe 
o f  ab out twenty ye a r s . Due to the hi gh i ni t i a l c o st , a 
so l a r s y s tem mu s t  b e  ab l e  to ope rate f o r  an extended p e r i od 
wi th re l ative l y  l ow mai ntenanc e c o s t s  i n  o rde r t o  r e a l i z e  a 
payb ack . 
Evaluation of Performance 
Ac c o rdi ng to Kre i th and 
di spropo rti onate l y  sma l i number o f  
Kre i de r  
pe r f o rm anc e 
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( 1 9 7 8 ) , a 
eva luati ons 
we re ava i l ab l e  to de s i gne r s  for a i r - c o o l ed c o l l e c t o r s . Pa rt 
of the re a s on f o r  thi s l ack of i nf o rmati on was the 
a s sumpt i on that r e a s onab l y  accu rate p redi c tions of 
ai r- c o o l ed f l at-p l ate c o l l e c to r  perfo rmanc e c ou l d  be made 
wi th ba s i c  he at trans fe r p r i nc ip l e s  ( Kre i th and Kreide r, 
1 9 7 8 ) . Du f f i e and B e c kman ( 1 _9 8 0 ) s t ated that whi l e the re i s· 
no b a sic 
diffe rent l y  
re a s on f o r  wo rki ng 
than predi c ted, the re 
c o l l e c t o r s  
are c e rt a i n  
t o  perfo rm 
c ondi ti ons 
which c an c au s e  deviat i ons from expe c ted pe r f o rmanc e . Four 
s ou rc e s  of di s c repanc i e s we re l isted : 
1. Nonun i f o rm 
c o l l e c to r, 
f lu i d  f l ow through p o r t i ons of the 
2 .  F l u i d  f l ow rate s whi ch dep a rt signi fic ant l y  from the 
de s i gn f l ow rate; be c au s e  o f  the he avy dependenc e of 
the heat- t r an s f e r  r ate on f l ow rate, f l ow deviat i ons 
c an s e riou s l y a ffect pe rformanc e ,  
3 .  Le aks i n  air - type c o l l e c to r s ,  and 
4 .  Edge and back l o s se s  whi ch are dependent on the s i z e 
and g e ome try o f  the c o l l e ctor uni t . 
Kreith and Kre i de r  ( 1 9 7 8 ) c i ted five additional r e a s ons for 
diminished pe r f o rmanc e unde r ac tu a l  ope rating c o nditio n s : 
SOUTH D OTA 5 UNIVERSITY lf 
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1 .  Opt i c a l  e ff i c i enc y de c re a se s a s  sur f a c e  i nc i denc e 
ang l e s  i nc re a s e , 
2 .  Hi gh r at i o s  o f  di ffu s e - to -be am- r adi at i on de c re a se 
opti c a l e f f i c i enc y ,  
3 .  Du st and f o re i gn matte r on the out e r  g l az i ng reduc e 
t r an smi s s i vi ty 
4 .  F i na l  ene rgy output may be reduced by t r an s i ent 
e ff e c t s, and 
5 .  Dete r i o r at i on o f  sur f a c e  c o ating s  redu c e s  po tenti a l  
fo r ene rgy ab s o rpt i on . 
The mo st c ommon me a sure o f  s o l ar sys tem p e r fo rmanc e i s  
the c o l l e c t i on e ff i c i enc y, de f i ned by Duf f i e  and B e c kman 
( 1 9 8 0 ) a s  the time - i ntegrated c o l l e c to r  output di vi ded by 
the t o t a l  avai l ab l e  so l a r  ene rgy i ntegrated ove r the s ame 
t i me pe r i od . The re l ati onship i s  rep r e s ented b y  
whe re 
N= 5 Q dt/A 5 I dt 
N= e ff i c i enc y 
Q= u se fu l  ene rgy gai n  
dt= di f f e renti a l  time pe r i od 
A= c o l l ec to r  area 
I= so l a r  ene rgy ava i l ab l e  
Kre i th and Kre i de r  ( 1 9 7 8 ) pre sented the f o l l owi ng ene rgy 
b a l anc e a s  a b a s i s f o r  eva lu a t i ng c o l l ec t o r  pe r fo rm anc e : 
( I ) ( A ) ( t ) ( a ) = qu + q1 + de jdt 
whe re 
I =  i nc i dent s o l a r r adi ati on, 
A= a r e a  of c o l l ec t o r, 
t= mean t r ansmi s s ivi ty o f  the c ove r, 
a= surfac e ab s o rptivi ty, 
gu = u s e fu l  eriergy del i vered, 
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gl = ene rgy l o s s  due to conduc t i on, c onve c t i on, 
and r adi ati on, and 
dejdt= rate o f  i nt e rnal ene rgy s t o r age . 
Lyt l e  and He l l i ck son ( 1 �80 ) pre s ented a c omp rehensive 
study o f  the c l i m at i c and system p a r ame t e r s  ne c e s s a ry for 
p r op e r  eva luat i on o f  agri cu l tural s o l ar s y s t em s . In that 
study, a s t anda rdi z e d  set o f  parame t e r s  was deve l oped fo r 
e a s y  c omp a r i s on o f  the ope rating charac t e ri s tic s o f  a given 
group of s o l ar s y s tem de s i gns . Lyt l e  and He l l i ck son l i sted 
t emp e r ature s,  t empe rature ri s e s, e f f i c i enc i e s, ene rgy 
c o l l e c ted, e ne rgy uti l i z e d, and e c onomic va lue s a s  the 
c rit i c a l  info rm at i on to be i nc luded i n  a r ep o r t  o f  system 
pe rfo rmanc e .  O the r i mpo rtant parame te r s  i nc luded f l ow 
rate s,  dimens i ons,  mate r i a l s, and c l i matic data . 
E c onomi c s  a re o f  great i mpo rt anc e to de s igne r s  s i nc e ,  
in a free e c onomy, the b a s i s for wi de spr e ad a c c eptanc e o f  a 
c oncept i s  no t only techno l o gi c a l  r e a l ity, but e c onomi c 
c ompetitivene s s  a s  we l l  ( Kre i th and Kre i de r, 1 9 7 8 ) . 
He l l i ckson ( 1 9 7 9 ) deve l oped a method o f  c ombini ng 
pe rfo rmanc e re su l t s  wi th c l imat i c  i nfo rmation and e c onomi c 
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facto r s  t o  p re d i c t  the ec onomi c fe a s i b i l i ty o f  agri cu l tural 
so l a r c o l l e c t o r s . App l i c at i on o f  thi s me thod make s i t  
po s s i b l e  fo r de s i gne r s  to c o ns truct pe rfo rm anc e c urve s for a 
given c omb i nati on o f  parame t e r s  whi ch c an then be c omp ared 
to a " bre ak- even " cu rve . 
S t andardi z e d te s t s  requ i re the pe r f o rmanc e o f  
c o l l e c to r s  to be eva lu ated ove r a peri od o f  b e tween fi fteen 
and thi rty m i nute s ,  aft e r  the sy stem ha s re ached a 
" qu a s i - s t at i c " c ondi t i on ( Hi l .l and Ku suda , 1 9 74 ) . Howeve r, 
fo r de s i gn pu rpo s e s ,  the p e r f o rmanc e ove r a fu l l  day or more 
i s  of mo re va lue ( Kre i th and Kre i de r, 1 9 7 8 ) . 
Whi l e  i t  i s  i mpo rtant to unde r s t and the ope rating 
charac t e r i s t i c s  o f  e ach sys tem c ompo ne nt ,  the 
cha racte r i s t i c s  o f  one e l ement , the c o l l e c t o r  fo r e x amp l e, 
c anno t  be u s ed t o  p r�di c t  the sy stem ene rgy output bec au se 
o f  the many i nt e r a c t i ons i nvo lved . Kre i th and Kre i de r  
( 1 9 7 8 ) dec l ared that the mo st i mport ant me a sure o f  
perfo rmanc e i s  the b ehavi o r  o f  the ent i re i ntegr at e d  sy stem . 
I n  the s ame way , p e ak r at i ngs o f  c omponent s such a s  
c o l l e c t o r s  and he at e xchange r s  are i nadequate f o r  de s i gn 
purpo s e s . The l ong- t e rm pe rformanc e o f  the 
under a l l  type s o f  ope rati ng c ondi ti ons i s  
de s i gn dec i s i on s  ( Kr e i th and Kre i de r, 1 9 7 8 ) . 
e nt i r e  system 
nec e s s a ry f o r  
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State of the Art Agricultural Applications 
Kre i th and Krei de r (19 7 8 ) advo c a ted matching ene rgy 
s ourc e s  to t a sks on the ba s i s of entropy. Spa ce heating ,  
wate r he at i ng , and c rop drying a t  l ow temp e r atu r e s were 
hi gh- entropy tasks wh i ch we re mo st e f f e c t i ve l y  m atched wi th 
l ow- temperature , hi gh- entropy so l ar ene rgy p rovi ded by 
f l at-p l ate s o l a r c o l l ec t o r s . Brewe r ,  e t . a l . ( 1 9 8 1 ) 
c oncu rred wi th the vi ew th at s o l a r ene rgy wa s well sui ted to 
l ow- tempe rature agri c u l tu r a l  ·-tasks . App l ic atio n s  requ i ring 
up to a max i mum o f  3 8  degree s Ce l s i u s  tempe r atu r e  ri s e  were 
l i s ted a s : gene r a l  he ating , gr a i n  and c rop drying , he ating 
l ive s t o c k  s t ru c tu re s , he ating gre enhou s e s , p r o c e s s i ng ,  and 
i rri gati o n . 
Trotte r ,  Heid ,  and McE l roy ( 19 7 9 ) found tha t  the three 
mo st c ommon agri c u l tu r a l  u s e s  be i ng i nve sti gated we r e  gr a i n  
dryi ng , l i ve s t o c k  she l te r  he ating , and water heating . 
Grain Drying 
Bec au s e  o f  rap i d  improvement in ha rve s t i ng technique s ,  
Trotte r , e t . a l . ,  ( 1 9 7 9 ) e sti mated that 6 5  t o  7 0  pe r c e nt o f  
the c o rn c rop , a l ong wi th a l l ri c e , and 1 0  t o  20 p e r c ent o f  
the grai n s o rghum and s o ybeans , were me chani c a l l y  dri ed i n  
the U . S .  Thi s prac t i c e  requi red the equiv a l ent o f  2 . 5 
bil l ion l i te r s  o f  l ique f i ed pet ro l eum g a s  p e r  ye ar . He i d  
and Tro tte r ( 1 9 82 )  f ound tha·t whi l e  so l a r e ne rgy. w a s  not 
c o s t - e ff e c t i ve for high- speed , hi gh- mo i stur e  app l i c at i ons , 
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it c ou l d  be u sed to supp l ement natu r a l  a i r f o r i n- sto ra ge 
dryi ng . 
Shove ( 1 9 8 1 ) reported the p e r f o rmanc e o f  s i mp l e  
c o l l e c to r s  whi ch we re c on s t ructed a s  part o f  two sepa rate 
machi ne ry sto r age shed s . The se c o l l e c to r s  we re i nc o rpo r ated 
as po rt i on s  o f  the south wa l l  ( 1 3 4  squ a re met e r s ) and ro o f  
( 2 0 1  squ a re me te r s ) o f  e ach bui l di ng . He ated a i r w a s  drawn 
f rom the att i c to ne a rby in- sto rage drying b i n s . The 
c o l l e c to r s  provi ded a 2 4- hour ave rage tempe r a tu re ri s e  o f· 
f rom 1 t o  4 degre e s Ce l s i u s  dur i ng O c tob e r  and Novemb e r, 
1 9 7 9 . Twenty- four hour ave r age powe r output r anged f rom 4 
t o  2 3  ki l owatt s . T o t a l  c o st i n  1 9 7 6  f o r  a c o l l e c t o r  o f  the 
t ype s tudi ed w a s  $ 9 . 2 4 p e r  square mete r . 
The u s e  o f  a c omme rc i a l l y produc e d  S o l ai r s o l ar 
c o l l e c t o r  f o r  i n - s t o r age drying o f  c o rn w a s  i nv e s t i gated by 
Eno and Fe l de rman ( 1 9 8 0 ) . A bin c onta i n i ng 2 4, 9 0 0 k i l ograms 
o f  c o rn was dri ed f rom an i ni ti a l  mo i s ture c ontent o f  22 
pe rc ent t o  1 3 . 5  pe rc ent ove r a 2 4- day pe r i od in Oc tobe r . 
The S o l ai r  he ater, whi ch c onsi sted o f  evacu ated ab so rber 
tube s f i xed i n  the t r ough s  o f  a se r i e s  of wedge - shaped 
a luminum re f l e c to r s ,  added an ave r age of 5 2 , 7 5 0  ki l o j ou l e s  
o f  ene rgy pe r day t o  the dryi ng a i r .  I t  w a s  c onc luded that 
whi l e  the s y s tem pe r f o rmed we l l , the c apab i l i ti e s  as we l l  a s  
the c o st o f  the S o l a i r heate r· far exc e eded the r equi r ement s 
for natu r a l  ai r dry i ng app l i c ati ons . 
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Chau and B a i rd ( 1 9 8 0 ) studi ed the fe a s i b i l i ty o f  so l ar 
gr a i n  dry i ng unde r hot and humi d c ondi t i ons . A l ow- c o s t  
c o l l e c to r  was c ons truc ted u s i ng a b l ack p l a s t i c ab s o rber 
c overed wi th a c l e ar p l a st i c  g l a z i ng and one or two p l a s t i c  
me sh sc reens su spended betwe en the ab s o rber and the g l az i ng . 
E i ghteen ba tche s o f  c o rn and ni ne batche s o f  s o ybe an s we re 
dri ed dur i ng a thre e - ye ar te s t  peri o d . The c o l l e c to r  
achi eved tempe rature 
Ce l s i u s  wi th an a i r 
ri se s rangi ng f rom 8 to 2 2  degre e s  
f l ow rate rangi ng from 5 t o  1 6  cub i c  
me t e r s  p e r  m i nute pe r ki l o gr am .  Conc l u s i ons d rawn f rom the 
study we re that i t  was techni c a l l y  po s s i b l e  to dry gra i n  
wi th so l ar ene rgy i n  ho t, humi d c l i mate s ,  howeve r the depth 
o f  the gr a i n  mu s t  be l e s s  than one mete r and the dryi ng mu st 
be c omp l eted wi thi n one week . Be c au s e o f  the sho rt dryi ng 
s e a s on , i t  w a s  found that s o l ar dryi ng w a s  not c ompeti t ive 
wi th fo s s i l fue l s, even though the c o l l e c to r  c o s t w a s  only 
$ 3 . 30 pe r squ a re mete r . 
Ri c e  drying wi th s o l a r ene r gy was the sub j e c t  o f  a 
study by C a l de rwood ( 1 9 8 0 ) . F our di ffe rent tre a tment s we re 
ob s e rved i nvo lvi ng unhe ated a i r  
di rec t l y  wi th and wi thout s t i r r i ng, 
dryi ng , s o l ar he ating 
and s o l a r he at app l i ed 
i ndi rec t l y  from rock storage . Co l l e c to r s  we re s i mp l e  
f l at - p l ate de s i gns u s i ng c l e ar c o r rugated fibe rg l a s s  gl az i ng 
and c o r rugated s te e l  roo fing p a i nted f l at b l ac k  for 
ab s o rbe r s . The frame s were made o f  5 x 15 c ent imete r 
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lumbe r .  C a l de rwood c onc luded that dryi ng t i me c ou l d  be 
reduc ed w i th s o l a r ene rgy, the reby s avi ng e ne r gy requ i red to 
ope rate dry i ng f ans . The re was no s i gni f i c ant d i ffe renc e i n  
the gr a i n  qua l i ty between the so l a r - he ated and unhe ated a i r 
tre atment s . Ave rage tempe r atu re r i se w a s  b e tw e en 4 and 1 0  
degree s Ce l s i u s  fo r the di rect so l ar he at i ng ove r a ten- hour 
pe r i od, whi l e  the ave r age tempe rature r i s e  from the sto rage 
wa s between 3 and 1 1  degree s Ce l siu s  ove r a 
twenty- fou r - hour pe ri od . The rec ommended 
di rect he ati ng of the dryi ng ai r wi th no 
gr a i n .  
t e chni que was 
s t i r ri ng o f  the 
A tho rough e c onomi c ana l y s i s and s i mu l at i on o f  
s o l a r - supp l ement ed natural air dryi ng o f  c o rn, b a s e d  on the 
pe r f o rmanc e o f  a s i mp l e, portab l e, f l at - p l ate c o l l e c to r  wa s 
c onduc ted by Heid and Aldi s ( 1 9 8 1 ) . The ana l y s i s  w a s  b a sed 
on temp e r a tu r e  r i s e s  of 1 . 5 , 3 . 2 ,  and 4 . 8  de gree s Ce l s i u s  
from the c o l l e c to r . The study c onc luded tha t  supp l ementa l  
s o l a r  dryi ng i n  the we st- cent r a l  Gre at Pl ain s  w a s  not 
ec onomic a l l y  fe a s i b l e  bec au s e  system c o st s  outwe i ghed the 
l o s s e s  due to dete r i o r at i on of the c o rn . 
So l a r drying o f  l arge round hay b a l e s  h a s  b e en s tudi ed . 
A f l at p l ate r o o f  c o l l e c to r  te sted by B l e d s o e  and Henry 
( 1 9 8 0 ) achi eved a c o l l e c tion e f f i c i enc y of 42 p e rc e nt w i th 
an a i r f l ow r a t e  o f  0 . 5  cubic me te r s  p e r  m i nu t e  pe r squ are 
me ter of c o l l e c to r  a r e a . B a l e  dryi ng i n  this exp e r i ment was 
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enhanced by forc i ng a i r  throu gh ho l e s  punched i n  the c e nt e r s  
o f  the b a l e s . Mo r r i s on and Shove ( 19 8 0 )  r epo rted a 2 0  
pe rc ent reduc ti on i n  f an ene rgy u s e  for l a rge round b a l e s 
dr i e d wi th s o l a r  he ated a i r a s  oppo sed to unhe ated ai r 
dryi ng . 
Livestock Shelter Heating 
Ac c o rdi ng t o  Trotte r, He i d, and McE l ro y  ( 1 9 7 9 ) ,  s o l ar 
he ating f o r  l i ve stock ha s been c onc entrated i n  thr e e  a re as:  
pou l t ry b ro odi ng, swi ne far rowi ng, and dai ry b a rn sp ac e 
he ati ng . Be c au s e  o f  the l onge r demand pe ri od, l ive stock 
she l te r  he a t i ng was s e en a s  a potent i a l l y  suc c e s s fu l  
app l i c ati on o f  s o l ar ene r gy . 
B rewe r ,  e t . a l . ( 1 9 8 1 ) a s se rted that a s i gni f i c ant 
po rtion of the ene rgy c on sumed in agri cu l tu r a l  produc t i on i s  
u s ed f o r  spa c e  he ati ng pou l try broodi ng f ac i l i ti e s . The 
ye a r l y  ene r gy requ i r ement f o r  brooding wa s give n  a s  1 . 9 5 x 
1 0
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ki l ojou l e s, mo s t  o f  whi ch wa s supp l i ed by l i qu e f i ed 
pe t ro l eum g a s . 
Ve rti c a l wa l l  c o l l e c to r s  u s i ng s i ng l e  g l a z i ng s  o f  
Ka lwa l l  p l a s t i c and b l ack, bu i l d i ng- fe l t  ab s o rb e r s  p rovi ded 
venti l at i on a i r p r ehe ating in a b ro odi ng f ac il i ty f o r  a te st 
by F l o od, Ko on, and B r ewe r {19 80 ) .  The prehe a te r s  we re u sed 
in c onjunc t i on wi th an a r r ay o f  doub l e - g l azed, f l at - p l ate , 
wate r -he ating c o l l e c to r s whi ch we re the main s ou r c e  o f  
supp l ement a l  he at i ng . Du ring t r i a l s  i n  a l l  s e a sons,  the 
2 2  
solar system supplied 2 4  to 100 percent of the supplemental 
energy requirements in Alabama. 
Drury, Mitchell, and Beard (1980) reported that three 
fourths of the required heating energy for brooding chickens 
in Georgia was supplied by an array of water-heating 
flat-plate collectors having a water thermal storage tank. 
Average efficiency of the collectors was 33 percent, with a 
maximum efficiency of 50 percent. 
Reece ( 1980) used an ·-array of flat-plate air-type 
collectors in combination with a rock thermal storage unit 
for heating the ventilation air of a broiler production 
facility. Collector efficiency for the recirculating 
configuration averaged 50 percent over a 6-day period. 
Reece found that a system capable of producing 2 . 9  
gigajoules per 1000 broilers during an eight-week production 
period would provide about 75 percent of the heat required 
in Mississippi. In addition, Reece recommended 7.74 square 
meters of flat-plate area per 1000 chickens and 3200 
kilograms of rock storage per 1000 birds. 
An air-type flat-plate collector was designed by Hall, 
et. al. ( 1980) utilizing commonly-available building 
materials. The collector was operated on a cage-layer house 
for heating and drying of fecal wastes. Estimates based on 
feed savings from the supplemental heating showed a five 
year payback period. 
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Felton and Brinsfield (1980) compared solar ventilation 
air preheating with conventional heating using two similar 
broiler-production test chambers. Both facilities were 
heated with liquefied-petroleum-gas-fired units. One of the 
test chambers was fitted with roof-mounted flat-plate solar 
collectors for preheating the ventilation air. Out of seven 
test runs, only three resulted in a reduction of liquefied 
petroleum gas consumption in the solar-assisted unit. 
Solar supplemental heating of swine farrowing and 
growing facilities has been studied by several researchers. 
Supplemental heat is critical for newborn pigs. As the 
young pigs grow, the homeothermic mechanisms develop and the 
need for supplemental heat decreases. However, because of 
the large quantities of fresh air required for ventilation, 
the heating demand remains high until the pigs reach a 
weight of about 18 kilograms (Brewer, et. al., 1981). 
Schulte and Veburg (1980) constructed and tested what 
was termed a "hybrid" solar system on a modified-open-front 
swine growing facility. The system incorporated both active 
and passive solar components and included under-floor 
thermal storage in concrete blocks. The double-pass 
roof-mounted, active collectors were connected to the block 
storage in a closed 
fiberglass-reinforced 
building. The solar 
loop. The passive collectors were 
panels· along the front of the 
components represented an addi tiona! 
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investment of fifteen percent of the base cost of the 
building. With a one percent savings in feed cost, the 
system was expected to have a payback period of 
approximately ten years. 
DeShazer, et. al. (1980) studied a vertical flat-plate 
collector attached to the roof of a modified-open-front 
building. No thermal storage was included. By solar 
heating of the ventilation air, a reduction of 23 to 24 
percent of the needed supplemental energy in Nebraska was · 
achieved. 
A vertical wall collector made of concrete blocks and 
covered with a double glazing of 4-mil Tedlar was 
constructed and tested by Robbins and Spillman ( 1980) . The 
concrete acted as both an absorber surface and a storage 
medium. Material costs were $38.00 per square meter of 
collector area. The system was constructed against the 
south wall of a farrowing facility. Air flow rates through 
the collector ranged from 0. 25 to 0. 61 cubic meters per 
minute per square meter of collector, with accompanying 
efficiencies of 45 percent and 60 percent, respectively. 
Temperatures of 50 to 60 degrees Celsius were realized on 
the absorbing surface and tests indicated that an average of 
65 percent of the energy was delivered to the building after 
sunset. 
A water-to-air heat pump rated at 12.7 to 19.0 
megajoules per hour was used in conjunction with an array of 
flat-plate, water-cooled collectors for heating a swine 
nursery in an experiment conducted by Vaughan, Holmes, and 
Bell (1980) . An insulated, covered water pond was used as a 
storage medium for the solar energy. The COP of the 
solar-assisted heat pump system was 2.0. The operating cost 
was competitive with fossil fuel systems and represented an 
improvement over electric hea-ting. 
A 1 12-square-meter flat-plate collector incorporated 
into the south wall and roof of a 500-pig nursery was tested 
by Reeder (1983) . The system also included 35 cubic meters 
of rock thermal storage under the concrete floor. The 
collector used a recirculating airflow through the rock 
storage. Ventilation air was preheated as it passed through 
ducts embedded in the upper layers of the thermal storage. 
Collector efficiencies ranging from 15 to 40 percent were 
obtained. Daily temperature peaks of 50 to 60 degrees 
Celsius in the circulating air were recorded, with an 
average 25 degrees Celsius drop in air temperature across 
the storage. The system was estimated to have an eight­
to-ten year payback period. 
A combination of vertical, wall-mounted, flat-plate 
collectors and long ducts buried 1.3 meters underground was 
studied by Kammel and Cramer ( 1981) . The system used solar 
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and geothermal energy to preheat the ventilation air for a 
25-stall farrowing house. The solar collectors performed 
poorly due to problems with controls. Airflow measurements 
in the underground ducts showed that less air was moving 
through the building than was expected from the fan ratings. 
The air temperature at which heat was neither lost nor 
gained in the underground ducts was about 3.3 degrees 
Celsius. 
Heid and Trotter (1982) noted the potential of 
solar-heated water for milking parlors. The equivalent of 
94 6 million liters of liquefied petroleum gas was used for 
milking activities in the U. S. each year. A breakdown of 
the total energy use showed that water heating accounted for 
35 percent. Although the relatively stable year-round 
demand for dairy hot water is theoretically ideally suited 
to solar applications (Heid and Williams, 1982) , most recent 
studies have shown that heat exchangers or heat pumps are 
more economical. Wiersma (1980) compared solar energy and 
waste heat recovery for milking parlors and concluded that 
there was no economic reason to choose solar heating over 
waste heat recovery from refrigeration systems on most dairy 
farms. 
Heid and Trotter (1982) summarized work by USDA 
researchers on a combinati·on flat-plate collector and 
waste-heat recovery system for heating water for a 200-cow 
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milking parlor. Payback for the system was from five to ten 
years, but was highly dependent on the values chosen for 
particular economic parameters. 
relative comparison of 
solar-collector components. 
Multi-Use Systems 
The study did not include a 
the heat-exchanger and 
The potential feasibility for agricultural use of solar 
energy is greatly enhanced by systems designed for multiple 
applications (Trotter, Heid, -and McElroy, 197 9) . The longer 
a system is producing useful output, the lower its fixed 
cost per unit of energy produced. 
Hansen and Smith (1977) investigated the use of a 
commercially available, double-glazed, flat-plate collector 
coupled with rock thermal storage for grain drying. An 
average temperature rise of 8. 3 degrees Celsius was obtained 
using an air flow rate of 1. 63 cubic meters per minute per 
square meter of collector. Additional uses which were 
planned for the system included home heating and cooling, 
livestock-building heating and service hot-water heating. 
Hansen and Smith recommended planning a central solar 
collector/storage system for new facilities. This would 
reduce the amount of initial investment in labor and 
materials. For existing farmsteads, a portable system was 
thought to be more feasible because the points of 
application would probably be too scattered for efficient 
heat distribution from a central location. 
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Kline (1980) tested and ranked five different 
configurations of air-type flat-plate collectors for 
multi-use applications. The collectors were tested with 
flow rates ranging from 0.61 to 4 . 2 7 cubic meters per minute 
per square meter. The collectors were operated in a 
double-pass mode for grain drying, and a back-pass-only mode 
for space and water heating. For grain drying, the 
noon-hour collector efficiencies were between 44 and 66 
percent. Noon-hour efficiencies obtained for water and 
space heating were between 39 and 50 percent. 
Kocher, Bodman, and Lay (1981) reported the performance 
of a vertical block wall-collector/storage system for 
preheating the ventilation air of a swine confinement unit 
and for grain drying in nearby storage bins. The system 
produced an average temperature rise of 9 degrees Celsius 
during a mid-January test of ventilation air heating and an 
average temperature rise of 2 degrees Celsius in the 
grain-drying mode from mid-October to mid-November. It was 
estimated that the solar system reduced space-heating energy 
needs by 39 percent and grain-drying energy requirements in 
Nebraska were reduced by 4 . 8 percent. 
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SDSU SEI-TES System 
In 1976, the Agricultural Engineering Department at 
South Dakota State University began work on a multiple-use 
solar energy system for agricultural applications. Termed 
the Solar Energy Intensifier-Thermal Energy Storage 
(SEI-TES) system, the design was developed with three main 
components: a flat-plate collector, a parabolic 
concentrator, and a rock thermal-storage unit (Hellickson, 
1980). The system was designed to reduce initial investment 
cost by utilizing existing air moving equipment in drying 
bins and livestock shelters, and by increasing the effective 
receiving area with the reflector component. The reflector 
could be assembled for a lower cost per unit area than the 
collector. 
The original design, constructed by Julson (1977) and 
Saienga (1977) centered around a dual-sided, vertical, 
flat-plate collector, glazed on each side with transparent 
polyester film (Figure 1) . A parabolic reflector made of 
-tempered masonite covered with adhesive-backed aluminum film 
was focused manually, approximately once a week, on the 
north side of the collector. Air entered the bottom of the 
vertical collector on the south side, flowed upward and 
returned down the north side of the absorber, entering an 
insulated plenum leading to the application. 
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Saienga (1977 ) reported that the system doubled the 
drying rate of a comparable natural air drying system for 
shelled corn. Julson (l977) studied the system coupled with 
5000 kilograms of rock thermal storage for space heating. 
The S EI-TES collected 4 1  percent of the energy available on 
an equivalent horizontal surface : a total of 762 
kilowatt-hours during the 28-day heating study. Hellickson 
( 1980) noted that the solar-system performance was below 
expected levels because of warping of the masonite reflector 
material and deterioration of the polyester glazing . 
Siegel ( 1978 ) tested the system with major 
modifications. Clear fiberglass sheets replaced the 
polyester-film glaz ing, sheet steel was used as the 
reflector support, and a diurnal tracking mechanism powered 
by a 10-watt synchronous motor was added to the reflector. 
Data collected in the fall of 1977 showed that the system 
collected 5 1  percent of the radiation available on an 
equivalent horizontal area. I n  January and March 1978, the 
system collected 36. 7 percent of the radiation available on 
a horizontal surface. The fiberglass glazing exhibited 
undesirable thermal-expansion characteristics, and problems 
with wrinkling and peeling developed in the reflective 
material. 
Heber ( 1979) and Hellevang ( 1979) investigated the 
performance of the system with a dual-si ded, 
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trapezoidal- shaped collector. 
one layer of low-iron glas s .  
were glued to the reflector. 
The collector was glazed with 
New, polished-aluminum sheet s 
Air entered from the end of 
the collector and flowed its entire length horizontally in a 
double-pas s  pattern . The triangular shape of the collector 
provided a convenient space for the rock storage during 
ventilation air preheating. 
Hellevang (1979) reported collector average efficiency 
of 45. 6 percent from simulated grain drying with the SE I-TES 
system. The simulation was achieved by maintaining the 
sy stem operating parameters at levels normally required for 
drying shelled corn. Simulation was neces sary because the 
prototype collector, constructed with a wood frame, burned. 
The frame could not be replaced with metal until after the 
clo se of the drying season. 
Heber ( 1979) used 7- to I S-centimeter diameter field 
rocks for internal thermal storage in the collector. Two 
separate ventilation-air preheating te s t s  were conducted, 
each at a different air flow rate. Average efficiency at 
the lower flow rate was 19. 5 percent and at the higher flow 
rate, 37. 5 percent ,  based on radiation available on the 
plane of the collector surface. Both Heber and Hellevang 
found that the long air flow path had an adverse effect on 
the overall performance of the system. 
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Astleford (198 1) tested the system using a revised 
air - flow pattern . Air entered the top of the collector, 
flowed downward between ·the glazing and the absorber, made a 
180 degree turn, and flowed upward between the absorber and 
a plywood panel acting as a support for the rock storage. 
The average efficiency of the entire system was 38.9 percent 
at a flow rate of 0 . 45 cubic meters per minute per square 
meter of collector. 
Two models using iterative procedures were developed to 
aid designers in predicting the performance of the SEI - TES 
system. Polak ( 1981) developed a computer model of the 
basic heat-transfer and collector component using 
fluid- mechanics relationships. This model was intended for 
use with the system in the grain drying mode. Differences 
between the model predictions and actual performance data 
did not exceed 2 . 5  percent. 
Van Zweden, et. al. (1982 ) used a technique similar to 
Polak ' s  to adapt the computer model to the ventilation- air 
preheating mode of operation. Because of varying air-flow 
rates and the complications induced by the thermal mass of 
the rocks inside the collector, the results were less 
accurate than those obtained by Polak (198 1) 0 Model 
predictions were within 2 degrees Celsius of measured 
output. 
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The performance of the solar energy intensifier- thermal 
energy storage system has been inve stigated unde r 
experimental conditions with newly-de signed and installed 
solar unit s and with careful attention to maint enance of the 
component s for optimal performance. The s e  new unit s were 
only field te sted over one s eason. 
3 4  
DESC R I PT I O N  O F  RESEARC H  FAC I L I T I ES 
A solar energy l ntensifier-thermal energy storage 
system was constructed for preheating the ventilation air of 
a 12-sow farro�ing barn located approximately 5 kilometers 
west of Sioux Fall s, South Dakota (43 degrees N latitude) . 
The building was part 
farrow-to-finish operation, 
of 
and 
a 
was 
controlled-access 
connected by an 
alley-way to an 18-sow farrowing unit of identical design, 
constructed at the same time ( 1978) . Each building was 
divided into rooms of six sows each (Appendix A, Figure A1) . 
Walls were constructed of aluminum panels on the exterior 
and interior surfaces with 9 centimeters of fiberglass batt 
insulation between. The ceiling and roof were also covered 
with aluminum paneling. The ceiling was insulated with 25. 4 
centimeters of blown cellulose. Floors were concrete with 
5-centimeter-thick expanded polystyrene perimeter insulation 
extending 0. 6 meters below grade along the interior of the 
foundation. The floor near the front of each farrowing 
crate was heated with hot water through polyvinyl-chloride 
pipe embedded in the concrete. A 2. 4 meter wide by 1. 2 
meter deep manure pit ran the length of each building. The 
calculated average thermal conductance of the buildings was 
0.29 watts per square meter per degree Celsius. 
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Each room in the farrowing section had a negative 
pressure ventil ation system consisting of a 
thermostatica l l y-control led, variable-speed fan (3 to 40 
cubic meters per minute) for winter ventil ation, and a 
constant-speed fan (100 cubic meters per minute) for summer 
venti lation (Appendix A, Figure A1) . 
In winter, fresh air was drawn through an inlet under 
the eave on the south side of the building, across the 
ceiling through the attic and into the rooms through a long, 
baffled, 0.15 meter wide slot with an adjustable opening 
located in the north wall near the ceiling. In summer, a 
hinged trap-door 0. 15 meter-wide along the entire length of 
the building under the north eave was dropped open to allow 
fresh air to enter the rooms directly from the north side of 
the building. In addition to the two fans, each 6-sow room 
was equipped with a propane-fired heater for supplemental 
heating. 
A plan view of the farrowing unit with the solar system 
is shown in Figure 2. 'rhe system was constructed to the 
north of the 12-sow bui lding. The 12-sow barn was the 
solar-assisted facility. The 18-sow unit remained a 
conventionally-operated structure for comparison purposes. 
The supplemental sol ar heating system, installed in the 
fall of 1980, consisted of · a 3. 0 x 7. 3-meter parabolic 
reflec tor/concentrator, and a 0. 76 x 4. 88-rneter trapezoidal 
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shaped, dual-sided collector. The reflector-collector 
combination had an effective area 1 of 19. 1 square meters. 
The collector housed 4 cubic meters of rock thermal storage, 
providing a ratio of 0. 21 cubic meters of storage per square 
meter of effective collector area. Void space in the 
storage was approximately 40 percent. 
Exterior plywood, 1.27 centimeters thick, formed a box 
with outside dimensions of 0 .  61 meters high x 1. 22 meters 
wide x 4.88 meters long to contain the rocks and serve as a 
collector base. The sides and floor of the box were 
insulated with 0.15 meters of fiberglass batt and lined with 
an inner box built of 1.27-centimeter plywood with 
dimensions of 0. 4 6  meters high x 0. 92 meters wide x 4. 57 
meters long to store the rocks. The insulated container was 
placed in the ground with the top at surface level. 
The collector frame was made of 0 .  32 x 1. 9 x 1. 9 
centimeter steel angles. Sheets of 1. 27-centimeter plywood, 
0. 76 x 2. 44 meters, were attached to the frame, and served 
both as one side of the airflow channel, and as a support 
for the rocks inside the collector. 
1 " Effective area 11 is defined
. 
as the intercepted solar area 
and includes the 4.2 square meter south side of the 
collector and 14. 9 square meters of the 22. 3 square meter 
reflector (which is the maximum amount of reflector area 
used at a time) , for a total of 19. 1 square meters. 
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The dual- sided collector was 4 . 88 meters long x 0. 76 
meters high. Each side was composed of two 0 .  86 x 2. 44 
meter sections at an ang le of 60 degrees from the 
horizontal. Each section consisted of a single 
4 . 88- millimeter, pl ate of low- iron glass glazing 
(approximate transmissivity of 0 . 9 )  over a 1.25- millimeter 
sheet - metal absorber painted flat black (absorptivity and 
emissivity about 0. 9) . A sheet- metal cover, insulated with 
2. 54 centimeters of styrofoam sealed the storage area and 
protected the collector inlets. 
A layer of concrete blocks, spaced 2. 54 centimeters 
apart in the bottom of the rock storage box , formed a 
low-resistance air-flow passage to enhance even air 
distribution through the rocks to the system outlet. Field 
rocks averaging 15 centimeters in diameter were used as the 
thermal storage medium . 
The air-flow pattern in the system, depicted in Figure 
3 , was double-pass through the collector and single-pass 
through the storage. Air entered the inlet at the top of 
the collector, flowed downward between the glazing and the 
absorber, then made a 180 degree turn and flowed upward 
between the absorber and the plywood rock support. At the 
top of the collector , air entered the storage system and 
flowed downward through the rocks. At the bottom of the 
thermal storage area, the air flowed through an outlet into 
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a 0 . 4  x 0 . 4  me te r duc t  bu i l t  o f  1 . 2 7 - c ent i me t e r  p l ywo od and 
i n su l ated wi th 3 . 8 c ent imete r s  o f  styro f o am . The duc t  wa s 
bu r i ed 0 . 3  me t e r s  unde rground and extended 1 2  mete r s  to the 
1 2 - sow f a r rowi ng uni t . At the c enter of the bui l d i ng the 
duc t  wa s di rec ted verti c a l l y up the wa l l  to a 0 . 2  x 1 . 1  
me ter p l enum c on s truc ted a l ong the no rth venti l ati o n  i nl e t . 
The att i c wa s b l oc ke d  o f f  and the p l enum w a s  s e a l ed so that 
a l l ai r ente r i ng the bu i l di ng was drawn throu gh the 
co l l e c to r/ s t o r age uni t and f i na l ly di s t r i buted in th� 
so l ar- a s s i sted r o oms through the o r i gi na l  venti l at i on s l ot . 
A l ong , hi nged do o r ,  s i mi l ar to that a l ready i n  p l ac e , wa s 
c on s tructed s o  that a i r c ould be drawn di rec t l y  f rom the 
out s i de dur i ng the summe r .  
The re f l e c t o r/c o nc entrator was i n s t a l l e d  3 me t e r s  no rth 
o f  the c o l l e c to r/ s t o r age uni t ( Fi gure 4 ) . The curved f r ame 
for the re f l e c ti ve mate r i a l  wa s in thr e e  s e c t i o n s  and wa s 
c ons truc ted o f  we l ded ste e l . E ach s e c t i on w a s  2 . 44 mete r s  
wi de x 3 .  O S  mete r s  hi gh ;  total re f l e c to r  l ength w a s  7 .  3 2  
me te rs . The ext r a  l ength o f  the re f l e c t o r  w a s  t o  a s sure 
that the c o l l e c t o r are a was fu l l y uti l i zed dur i ng the e a r l y  
mo rni ng and l ate afte rnoon hour s .  
Re f l e c t i ve mate r i a l  w a s  stre tched on the curved support 
and he l d  f a st by adj u s t ab l e  c l amp s at e ach e nd o f  the frame . 
Dur i ng the 1 9 8 1 - 82 s e a s on , YS - 9 1 ,  ( manu f a c tu r e r - rated 
re f l e c tivi ty of 0 . 8 5 ) , a metal i z ed po l ye ste r f i lm was u s ed 
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a s  the re f l e c t i ve mate r i a l  ( 3 -M ,  1 9 8 1 ) .  F o r  the 1 9 82 -"8 3 
s e a s on ,  the Y S - 9 1  
po l i shed a l umi num 
was rep l ac ed 
shee ts c a l l ed 
wi th he av i e r ,  f l exib l e , 
K i ng lux , whi ch had a 
re f l e c t i vi ty o f  0 . 9  rated by the manu f a c tu r e r  ( Ki ng ston 
Co rp . , 1 9 8 1 ) 
The re f l e c t o r  produced a c onc entr ated b and o f  radi ation 
app roxi mate l y  0 .  5 mete rs wi de on the no rth f a c e  o f  the 
c o l l e c t o r . The re f l e c to r  frame s were mounted on p i vo t s  on 
the supp o r t  s t ruc ture and the po s i t i on o f  the c onc entr ated 
b and w a s  adj u s ted for the se a s ona l l y varyi ng s o l a r a l t i tude 
wi th thre aded rods att ached to the bottom o f  the re f l e c t o r  
frame , runni ng through thre aded b r acke t s  on the support 
struc ture . 
The re f l e c to r  support struc ture was channe l s te e l  and 
1 0 - c enti me t e r- squ a re wo oden po sts set 1 .  8 met e r s  i nto the 
ground . The s e  p o s t s  we re brac ed by a s e c ond s e t  of 
1 0 - c ent i me te r - squ a re posts s e t  1 .  8 me te r s  i nto the ground 
and l o c ated 1 . 2 mete r s  behind the main suppo rt s . 
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TE STIN G AN D ANALY SIS PROCEDURE 
I nstrumentation 
Four b a s i c me a su rement s we re e s sent i a l  t o  eva luate the 
pe rfo rmanc e o f  the SE I - TE S  system and c omp a r e  i t  wi th the 
c onvent i ona l l y  heated fa rrowi ng uni t . The se me a surement s 
we re : i n s o l ati on , temper ature s ,  ai r f l ow r a te s , and fue l 
c onsumpti on . 
A mi c ropro c e s s o r - c ont ro l l ed data- acqui s i ti on system 
re c o rded and p roc e s sed data . Data we re me a sured hourl y ,  and 
s i mu l t ane ou s l y  p r i nted on ha rdc opy and rec o rded on t ape . 
I n s o l at i on w a s  me a sured wi th a pyranomete r mounted at a 
60 degree ang l e , 1 . 8 3 me te r s  above ground ne ar the 
c ente r l i ne o f  the r e f l e c to r . I n s tantane ous i n so l at i on wa s 
me a sured at a rate o f  5 r e adings per sec ond c ontinuou s l y  
ove r a 5 - minute pe ri od a t  the beginning o f  e ach hour . The 
5 - minute ave r a ge wa s used a s  the hour l y  r adi ati on i ntens i ty .  
Tempe ratu r e s  we re moni to red wi th type T 
c oppe r - c onstant an the rmoc oup l e s . Tempe rature p r o f i l e s  were 
rec o rded in the c o l l e c t o r  and rock s t o r a ge in e ach of the 
two 2 . 44-mete r s e c t i ons . Tempe rature s at the out l e t  o f  the 
rock s t o r age , at the i n l e t  to the bui lding , and i n s i de e ach 
o f  the f arrowing uni t s  we re a l so r e c o rded . The se 
tempe r atu re s as we l l  a s  the· out s i de air temp e r ature we re 
me a sured hour l y . 
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Ai r f l ow w a s  me a sured wi th a temp e r a tu re - c ompens ated 
ho t-wi re anemome te r . Ve l o c i ty pro fi l e s were r e c o rded i n  a 
p l anar c r o s s - s e c t i on pe rpendi cu l a r to the f l ow i n  the duc t . 
F l ow rate s we re c a l cu l ated and a po i nt w a s  l o c ated whi ch , 
when mu l t i p l i ed by c ro s s - s e c t i onal are a , y i e l de d  f l ow rate . 
The anemomete r p robe was p l aced at thi s p o i nt f o r  l ong- term 
te s t i ng . Du c t  ve l o c i ty readi ngs were rec o rded hou r l y . 
P rop ane u s e  i n  the fa rrowi ng uni t s  w a s  mon i to r ed wi th 
two p o s i t i ve di sp l a c ement gas me te r s  i n  the fue l  l i ne s . The 
f i rst me ter wa s p l a c ed i n  the l i ne at the p o i nt o f  entry to 
the f ar rowi ng s e c t i on o f  the swi ne c omp l ex . Thi s mete r 
i ndi c ated to t a l  fue l  f l ow i nto the so l a r and c onventi onal 
uni t s . The s e c ond me te r me a sured fue l f l ow i nt o  the s o l ar 
he ated r o om s . By subt racti ng the 
me ter f rom the t o t a l  on the fi rst , 
re adi ng o n  the sec ond 
f l ow o f  p rop ane i nto the 
c onventi o na l l y  he ated uni t w a s  c a l cu l ated . Mete r re ading s 
were re c o rded app roxi mate l y  onc e pe r w e ek by p e r s o nne l at 
the f ac i l i ty .  S i nc e  the mete r s  we re c a l i br at e d  i n  hundreds 
of cubi c feet , re adings di d not o ften change f r om one day to 
the next , e spec i a l l y in mi ld weathe r .  B e c au s e  of thi s ,  fue l  
consumpti on c omp a r i sons we re only va l i d  ove r p e r i od s  o f  at 
l e ast one week . 
Du r i ng the 1 981-82 he ating s e a son the me a su re d  f l ow 
rate through the so l a r sy stem ranged from 0. 029 . to 0. 084 
cub i c  me t e r s  pe r s e c ond . Thi s w a s  l owe r than the 
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rec ommended mi nimum w i nte r venti l at i on r ate of 0 .  1 2  cubi c 
me te r s  per s e c ond fo r the 1 2 - s ow farrowing uni t . I t  was 
thought that the anemome te r wa s out o f  c a l i b rati on , so i t  
wa s re c a l ib rated . 
When data c o l l e c t i on re sumed du r i ng the 1 9 82 - 8 3 he ating 
s e a s on , the s ame probl em was enc ounte red . S t at i c  pre s sure 
and f an speed me a su rement s i n  the bui l d i ng reve a l ed f l ow 
rate s o f  0 . 3 5 to 0 . 40 cubi c me te r s  p e r  s e c ond . I nve sti gati on 
reve a l ed that the d i s c rep anc y was due to i nf i l t rati on . 
Te s t s  w i th smoke c and l e s  expo sed l e aks around the p l enum on 
the no rth s i de of the farrowi ng uni t .  The se l e ak s  a l l owed a 
sub stant i a l  vo lume o f  a i r to bypa s s  the s o l ar s y stem and 
ent e r  the bu i ld i ng di re c t l y . The c r acks , whi ch we re not 
evi dent dur i ng vi su a l  i n spe c t i on , we re apparent l y  due to 
no rma l shr i nkage and we athe r i ng o f  the duc t  mate r i a l s .  
The SE I - TE S  s y s tem was de s i gned to draw a l l o f  the 
venti l at i on a i r through the c o l l e c t o r/ s to rage c omponent . 
Be c au se o f  the s i gn i f i c ant i nfi l t rati on from o the r s ourc e s , 
thi s di d not o c cu r . The re su l t  was l owe r s o l ar sy stem 
e f f i c i enc i e s than wou ld be expected wi th hi gher a i r f l ow 
rate s .  
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Data Analysis 
Thr e e  impo rtant s ystem p aramete r s  we re cho sen as 
depende nt vari ab l e s . 2 The se we re c o l l e c t o r  e f f i c i enc y ,  
s y stem e f f i c i enc y ,  and to t a l  ene rgy output o f  the s y st em . 
They are c a l cu l ated a s  fo l l ows : 
CO LL= mc
p 
( Tc o l  - T amb ) / .l  ! me a su red 
SYS= me ( T s y s  - T amb ) I l: ! me a sured 
p 
TOTAL= me ( T s ys - Tamb ) 
p 
O f  the thi r ty- four qu anti ti e s  me a su re d , three we re 
s e l e c te d  by s tep- wi s e  l i ne a r  regre s s i on as s i gni f i c ant 
i ndependent vari ab l e s . The i ndependent vari ab l e s  we re : 
ava i l ab l e i n s o l at i on ,  a i r- f l ow rate , and amb i ent 
temperatu re . 
B e c au s e  o f  the tran s i e nt nature o f  the the rma l  e nergy 
be i ng c o l l e c ted , sto red , and removed f o r h e at i ng ,  a " day " 
was de f i ne d  a s  a 2 4- hour p e r i od beginning at 0 8 0 0  and endi ng 
at 0 8 0 0  the fo l l owi ng mo rni ng . Du r i ng thi s t i me peri od the 
system no rma l l y  re c e i ved , stored , and d i s s i p ated the 
quanti ty o f  ene rgy ava i l ab l e  a s  i nc oming s o l a r r ad i at i on for 
the given day . Hour l y  r e adings f o r  i n so l at i on and total 
ene rgy de l i ve red we re summed ove r the 2 4-hour p e r i od . 
System e f f i c i enc y ,  amb i ent tempe rature , and a i r f l ow rate 
we re ave r aged f o r  the 2 4 - hou r peri od . C o l l ec to r  e f fi c i enc y 
2 · Paramete r and vari ab l e  abbrevi ati ons· fo r the " T e s t i ng and 
Ana l y s i s P ro c edure " and " Re su l t s " s e c t i ons are l i sted i n  
T ab l e  1 .  
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Tab le 1 Lis t of Symb o l s . 
-----------------------� . .  _,....._. . _______ _ 
Vari ab l e  
AIRF 
C OLL 
IN SOL 
I lme as ure d 
m 
SYS 
Tamb 
T co l 
Tsys  
TOTAL 
De s crip t i on 
Air flow rate through the s ys tem , 
m3 j s e c  
Co l le ctor e ffi c i en cy , de cima l te r ­
cent age 
Spe c i fi c  heat o f . a i r  at  con s t an t  
p re s s ure , kJ /kg · ° C 
Dai ly t o t a l  ava i l ab l e  in s o l at ion , 
klfu 
Sum o f  in s o l a t i on ava i l ab l e on a 
6 0 0  s ur face for the day , kWh 
Mas s flow rate o f  a i r , kg / s  
Sys t em e ffi cien cy , de cima l p e r ­
cen t age 
Amb ient temp e ra t ure , oc 
C o l le ctor outp ut temp er a t ure , °C 
Sys tem outp ut t emp e ra ture , °C 
Dai ly to t a l  ene r gy output for the 
s ys tem ,  kWh 
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wa s ave r aged onl y ove r the hou r s  when i n s o l at i on w a s  
ava i l ab l e . 
To ev a luate the pe rfo rmanc e o f  the sy stem and deve l op a 
u s e fu l  r e l at i onship fo r predi c t ing ene r gy output , 4 1  days o f  
data f rom two c o n s e cutive heating s e a sons we re ana l yzed . A 
step - w i se mu l t i p l e  l i ne a r  regre s s i on wa s pe r f o rmed u s i ng 
ave r a ge ambi ent tempe rature , ave rage dai l y  a i r f l ow rate , 
and t o t a l  dai l y  i n s o l ati on to p redi c t  c o l l e c to r  e f f i c i enc y ,  
s y s tem e f f i c i e nc y ,  and to t a l  ene rgy de l ive red o n  a dai l y  
b a s i s . 
The sys tem w a s  di smant l ed afte r te s t i ng w a s  c omp l eted 
and the c omponent s we re che c ked for we ar and d e te r i o ra t i on . 
5 0  
RESULTS 
The r e su l t s  o f  �he pro j e c t  i nc l ude ana l y s e s  o f  
c o l l e c to r  e f f i c i enc y and s y s tem perfo rmanc e ,  a c ompa ri son o f  
c o nventi onal ene rgy u se i n  the so l a r - a s s i s te d  and c ont ro l 
uni t s , and a summary o f  the economi c i mp l i c at i o n s  o f  the 
pe rfo rmanc e data . I n  addi ti on , a s e c t i o n  devo ted to s ystem 
re l i ab i l i ty de s c r i be s  the e ffec t s  of we athe r i ng and 
dete r i o r ati o n  on the c o l l e c to r and re f l e c to r  c ompo nent s . 
Col lector Efficiency 
The de s i gn o f  the co l l e c t o r/sto r a ge s y s tem was 
e f f e c ti ve in mi nimi z i ng heat l o s s e s  wi thout i n su l at i ng the 
upper porti on o f  the rock stor age chambe r .  Thi s i s  evi dent 
by no t i ng tha t  the c o l l e ctor output c ont i nued to e xhi b i t  a 
tempe r ature r i s e  s eve ral hour s afte r i n s o l at i on was no 
l onge r ava i l ab l e  ( Fi gure 5 ) . A sma l l po r t i on of thi s 
temp e r a ture r i s e  may be attr ibuted to tran s i e nt he at i n  the 
c o l l e c to r  mat e r i a l s ,  but the maj o r  c ompo nent o f  the 
tempe r ature r i s e  i s  due to heat c onve c te d  b a c k  i nto the 
system after be i ng c onduc ted from the sto r age a r e a  through 
the p l ywood and i nto the ai r channe l .  Thi s extended 
tempe r ature r i s e  was noted i n  previ ou s  s tudi e s  of the 
SE I - TE S  s y stem . 
He at t r an s f e r  b ack i nto the c o l l e c to r  ai r channe l s  from 
the rock s t o r age made eva luat�on o f  the c o l l e c to r  e f f i c i ency 
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5 2  
di f f i cu l t . The r e fo re , conc lu s i ons about the p e r f o rmanc e o f  
the c o l l e c to r  c omponent dr awn f rom d a t a  t aken du r i ng 
vent i l ati on a i r p rehe ating mu st be tempe red wi th the 
know l e dge that the temp e r atu re s me a sured at the c o l l e ctor 
ou tput we re p robab l y  hi ghe r than the y  wou ld have been 
wi thout the r o c k  s t o r age . 
A s i gni f i c ant reduc ti on i n  c o l l e c t o r  e f f i c i enc y wa s 
noted when c omp ared wi th previ ous s tudi e s . H e l l i c k son , et . 
a l . ( 1 9 8 1 a ) and He l l i ckson , et . a l . ( 1 9 82 ) me a sured 
c o l l ec to r  e f f i c i e nc i e s  of approx imate l y  3 0  p e rc ent . Tab l e  2 
pre s ent s the re su l t s  o f  previ ou s s tudi e s . 
Dur i ng the 1 9 8 1 - 8 3 study , the ave rage e f f i c i ency o f  the 
c o l l e c tor wa s 1 8  pe rc ent . A sub st ant i a l  p o rt i on o f  the 
redu c t i on i n  e f f i c i enc y  c an be att r i buted to l ow ai r f l ow 
rate s . The e f f e c t  o f  a i r f l ow r ate on the p e r f o rmanc e o f  
the c o l l e c t o r  c an be quanti fi ed u s i ng c o nve c ti ve heat 
tran s f e r  p r i nc i p l e s . 
The Nu s s e l t  number , Nu , i s  a dimen s i o n l e s s  f o rm o f  the 
c onve c tive he at tran s f e r  c o e f f i c i ent . I n  the c a s e  o f  f lu i d 
f l ow between p a r a l l e l  f l at p l ate s , the Nu s s e l t  numb e r  i s  a 
rati o o f  c o ndu c t i ve re s i stanc e to c onve c ti ve r e s i s t anc e . 
The Nu s s e l t  numbe r  i s  de f i ned a s  
whe re 
( Du f f i e and Beckman , 1 9 8 0 ) 
h =the c onve c t i ve heat tran s f e r  c o e f f i c i ent , 
c 
L= a c h a r a c te r i sti c l ength , and 
Tab l e  2 F l owra te s an d e ffi c i en c i e s  me a s ure d in 
p revious s tudi � s  o f  ven t i l at i on air pre ­
heat in g  with the SE I -TES s y s t em .  
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Inve s t igators F l ow Rate S y s tem C o l le ctor 
Effi ciency E ff i c iency 
He l l i cks on , 
Chr i s t i an s on ,  
an d Heb er , 
0 . 0 05 m3 / s · m2 1 9 8 1  2 4 . 5% 3 1 . 2% 
Van Zwe den , 
He l l ick s on , 
an d 
0 . 0 10 m3 / s · m2 Chr i s t i an s on , 0 . 0 0 2  -
19 82  (variab le ) 2 4 . 0 % 2 6 . 4% 
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k f =conducti v i ty of the worki ng flui d .  
The Nussel t number i s  related to two other dimensi onless 
parameters, the Reynolds number, Re and the Prandtl number, 
Pr . The relati onshi p i s  of the form 
m n 
Nu= ( C ) ( Re ) (Pr ) ( Krei th and Krei der, 1 9 7 8 ) 
where C ,  m, and n are determi ned from experimental data to 
form an empi ri cal equati on . 
The Reynolds number, a di mensionless ratio of i nerti al 
forces to viscous forces, 6 �n be calculated for a specifi c 
situati on by 
Re= ( � ) (v) ( Dh) / (jJ-) (Kreith and Krei der, 1 9 7 8 ) 
where 
e = densi ty of the fluid, 
v= average velocity, 
Dh= hydrauli c  di ameter, and 
� = dynamic vi scosi ty . The hydraulic diameter for 
two parallel flat plates is defined by Duffie and Beckman 
( 1 9 80 ) as twi ce the plate spacing. 
The Prandtl number, a ratio of momentum diffusi vity to 
thermal di ffusivity, i s  defi ned by 
where 
Pr= c p. /k p f 
(Kreith and Kreider, 1 9 7 8 ) 
c = specifi c  heat of the fluid, 
p 
)J. = dynamic viscosity , and 
= conducti vity of the fluid. 
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Emp i r i c a l re l at i onshi ps fo r the Nu s s e l t  numb e r  for a i r 
f l ow betwe en p a r a l l e l  f l at p l ate s w i th he a t i ng on one s i de 
are nume rou s .  Two o f  t�e mo st c ommonly c i ted e qu ati ons are : 
fo r l aminar f l ow : 
) 1 .  2 Nu= 4 _ 9 + 0 . 60 6 (RePrDh / L  ---��--��--
1 + 0 . 0 90 9 (RePrDh /L) 0 . 7 Pr 0 . 1 7 
(Duf fie an d Be ckman , 1 9 80 )  
f o r  tu rbu l ent f l ow : 
0 . 8  0 . 4 
Nu= 0 . 02 3 Re P r  ( Kre i th and Kre i de r , 1 9 7 8 ) . 
The se two re l ati onships we re u s ed f o r  c al cu l a t i ng the 
Nus se l t  numbe r  a s s o c i ated wi th the SE I - TE S  c o l l e c to r . An 
ave rage a i r tempe rature o f  2 9 0  degre e s  Ke lvi n wa s a s sumed . 
I n  addi t i on i t  w a s  a s sume d that the re w a s  a 3 :  1 ma s s  f l ow 
rati o f o r  a i r ente r i ng the no rth and s outh s i de s  o f  the 
c o l l e c to r . 
F o r  the ave rage f l ow rate o f  0 .  002 5 cubi c me te r s  per 
sec ond per s quare me t e r  o f  e f f e c t i ve c o l l e c t o r  area me a sured 
dur i ng the 1 9 8 1 - 8 3 study , the Reyno lds numbe r  ranged from 
3 00 t o  1000 , i ndi c at i ng that the f l ow wa s de f i ni te l y  i n  the 
l ami nar regime . U s i ng the re l at i onship f o r  the Nu s se l t 
numbe r  f o r  l ami na r  f l ow ,  an ave rage c onve c t i ve he at tran s f e r  
c oe ff i c i ent o f  9 . 2  watt s per _ squ a re me t e r  pe r degree Ce l s i u s  
wa s c a l cu l ated . The c onve c t ive heat tran s f e r  c o e f f i c i ent 
5 6  
wou l d  have been 2 . 5  t i me s  l a rge r i f  the s y stem had ope rated 
a s  it was de s i gne d . The f l ow rate wou l d  have been 
approxi mate l y  0 . 0 1 8  cub i c  mete r s  per squ a re me t e r  o f  
e f fe c t i ve a r e a , p roduc i ng Reyno lds numbe r s  i n  the tu rbu l ent 
range . The he at trans fe r c o e ff i c i ent , c a l cu l ated from the 
tu rbu l ent re l a ti o n ship for the . Nu s se l  t numbe r ,  wou ld have 
ave r a ged about 2 3 . 6  watt s per square mete r p e r  de gre e 
Ce l s i u s . The reduc ti on i n  he at tran s f e r r ate from the 
ab s o rb e r  to the a i r stre am s e r i ou s l y affec ted the p e r f o rmanc e 
o f  the c o l l ec to r . 
F i gure 6 p re s ent s a p l ot o f  c o l l ec t o r  e f f i c i ency ve r su s  
ai r f l ow rate . Re gre s s i on ana l ys i s deve l op e d  a l i ne a r  
re l at i o n ship whi ch wa s s i gni fi c ant at the 0 . 05 l eve l , 
howeve r the r - squ a red c o rre l ati on c oe f fi c i ent w a s  o n l y  0 . 1 7 :  
COLL= 6 . 44 1  + 2 3 5 . 3 2 6 ( A I RF ) . 
We athe r i ng and dete ri o rati on , 
Re l i ab i l i ty s e c t i on , a ffec ted the 
reduc i ng the t r ansmi s s ivi ty o .f  
de sc r i be d  i n  the S y stem 
c o l l e c to r  e f f i c i enc y by 
the g l az i ng and the 
ab s o rp t i vi ty o f  the p l ate . I t  was not p o s s ib l e  to 
accurate l y  quanti fy the e f f e c t s  o f  reduc e d  ab s o rptivi ty and 
and t r ansmi s s i v i ty . 
Ano the r f a c t o r  whi ch redu c ed the c o l l e ctor 
e ff e c t i vene s s  w a s  snow and i c e ac cumu l at i ons in and around 
the c o l l e c to r/ s t o r age uni t �  Two seve r e  w i nte r sto rms 
oc curred dur i ng the 1 9 8 1 - 82 s e a s on , one on 9 J anu a r y  1 9 82 , 
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and the othe r o n  2 5  J anuary 1 9 82 . Aft e r  e ach o f  the se 
storm s , the c o l l e c t o r/stor age uni t was found c omp l e te l y  
c ove red wi th snow . St rong no rthwe s te r l y  wind s  we re ob se rved 
depo s i ting dri f t i ng snow between the gl a z i ng and the 
ab s o rber on seve r a l  o c c a s i ons . On days o f  ve ry l ow 
i n s o l ati on thi s ac cumu l ati on o f  snow rem a i ned i n  the 
c o l l e c to r  throughout the day . 
System Performance 
S y s tem output was the mo s t  ac curate me thod o f  
eva lu at i ng the pe r f o rmanc e o f  the enti re c o l l e c t o r/sto rage 
system . For purpo s e s  of eva luat i on unde r a c tu a l  f i e ld 
condi t i ons , ana l y s e s  were conduc ted on a d a i l y  b a s i s .  
T ab l e  3 summar i z e s  the sys tem de s i gn and the ave r age 
pe rfo rmanc e cha r a c t e ri sti c s . The s yst em ave r age e f fi c i ency 
of 1 3 . 8  perc e nt wa s we l l  be l ow the 2 4 . 5  to 2 7  pe rc ent 
ave r age noted in the p revi ous studi e s . S i nc e  the 
perfo rmanc e o f  the system was di rec t l y  r e l ated to the 
perfo rmanc e o f  the c o l l e c to r ,  the prob l ems whi ch a f f e c ted 
the c o l l ec t o r  a l s o a f fe c ted the ove ra l l s y s tem e ff i c i ency . 
Ene rgy provided dur i ng the 41 te st days ave r a ged 9 .  0 
ki l owatt-hou r s  p e r  day . I nso l ati on ava i l ab l e  dur i ng the 
te sti ng ave raged 6 8 . 1  ki l owatt-hou r s  p e r  day . The maximum 
ene rgy p rovided by the s ystem oc curred on 2 8  De c embe r  1 9 8 1 , 
and w a s  3 4 . 9  ki l owatt-hour s  when the tot a l  . ava i l ab l e  
r adi ati on was 1 2 1 . 1  ki l owatt-hour s .  The m i ni mum ene r gy 
Tab le 3 S E I -TES Performance for farrowin g  
uni t  vent i l at i on a i r  he a t in g . 
· Parame t e r  
Numb e r  o f  
Agri cul t ur a l  Uni t s  
C o l l e c t or Are a  
C o l l e c t o r  F l ow Rat e  
Average Sys t em 
Temp e ra t ur e  Ri s e  
Average Amb ien t 
Temp e ra ture 
Average Ins o la t i on 
Avai l ab le _ 
Ene r gy Provi de d 
( 4 1 days ) 
Prop ane Ene rgy 
Us e d  
( 9 8 day s ) 
Ave rage E ffi cien cy 
C o l le c t o r  
Sys tem 
Ave rage 
1 . 5 9 m2 /A . U . * 
0 . 0 0 2_5 m3 / s · m2 
- 7 . 8 ° c 
6 8 . 1 kWh / day 
9 . 0  kWh / day 
6 3 . 7 8  kWh / day 
( 8 . 9 1 / day ) 
1 7 . 7% 
13 . 8% 
* A . U .  = An ima l Uni t  ( 1  s ow an d l i t t e r ) . 
To t a l  
12 s ows & l i t ters 
1 9 . 1  m2 
3 6 9  kVJh 
6 2 5 1 kVJh 
( 8 7 3 1 )  
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provi ded w a s  - 3 . 4  ki l owatt-hours on 2 0  D e c e mb e r  1 9 8 1  when 
the to t a l  r adi ati on avai l ab l e  was 43 . 1  ki l owatt-hou r s . Thi s 
net l o s s  o f  ene rgy was reco rded due to a shi ft i n  the 
charge/di s charge c yc l e  of the the rma l  sto r g e  uni t . The 
pre c ed i ng day was charac te r i zed by ve ry l ow i n so l ati on 
l eve l s  and subno rma l  amb i ent temperatu re s . The the rma l  
s to r age w a s  b rought t o  a l ow temper ature o f  approxi mate l y  
- 12 de gre e s C e l s i u s . I n  the e ar l y  mo rning hou r s  o f  2 0  
Dec emb e r  the amb i ent temper ature be gan t o  r i s e  s t e adi l y  and 
re ached a p e ak o f  ne a r  0 de gree s Ce l s i u s  by 1 2 0 0  hour s . A 
l ow i ns o l at i on l eve l was a l s o  me a sured on 2 0  Dec embe r .  
Bec au s e  o f  the l ow temperatu re o f  the the rma l  s to r age , the re 
was a pe r i od of approximate l y  17 hou r s  dur i ng whi ch the 
sys tem output tempe r atu re was l owe r than the amb i ent 
temp e r a ture . 
Ave r age d a i l y  temperatu re r i s e  o f  the s y s tem was 5 .  2 
degre e s  C e l s i u s . The ave rage hou r l y  tempe r ature curve 
( Fi gu re 6 )  showed an ave rage of 7 hou r s  t i me l ag b e tween the 
max i mum c o l l e c t o r  temperature and the max i mum s y s tem output 
tempe r a ture . C o l l e c to r  tempe r atu re pe aked at 1 3 00 hou r s  on 
days wi th mode r ate to hi gh i nso l at i on l eve l s  ( gr e a te r than 
45 ki l owatt - hour s  p e r  day ) . S y stem temp e ra tu re u su a l l y  
peaked at 1 9 0 0  o r  2 0 0 0  hou r s  o n  tho se days . The system 
output temp e r ature no rma l l y  remained wi th i n  3 de gre e s  
Ce l s i u s  o f  max i mum for about 3 hou r s . 
6 0  
6 1  
Fo r days wi th l e s s  than 45 ki l owatt-hou r s  o f  tot a l  
radi ati o n ,  the tempe r atu re output fo l l owed a s i mi l ar patte rn 
wi th pe ak output i nf luenced ma i n l y  by the amb i ent 
temp e r atu re r athe r than i n s o l at i on . 
F i gu r e s 7 through 1 3  i l lu s t rate a t yp i c a l week o f  
ope rati on o f  the s y s tem . The e ff e c t s  o f  i n s o l at i on l eve l 
and ambi ent tempe rature on the system output are shown . 
F i gure 1 4  rep r e s ent s the cumu l ative tota l s  o f  ene rgy 
avai l ab l e  and s y s tem output dur i ng the s tudy . 
Step - wi s e  mu l t i p l e  regre s s i on produc ed a hi gh l y  
s i gni f i c ant re l ati onship f o r  predi c t i ng s y s tem output us i ng 
the vari ab l e s  i n so l at i on ,  a i r f l ow ,  and amb i ent tempe rature . 
The equati on wa s : 
TOTAL= - 1 1 . 8 6 5  + 2 49 . 9 9 6A I RF - 0 . 3 9 5 T amb + 0 . 0 8 6 I NSOL 
The c o rre l at i on c o e f fi c i ent for thi s re l a t i onship was 0 . 7 6 
and the s t andard e r ro r  o f  e s t i mate was 0 . 02 .  
F i gu r e s 1 5 , 1 6 ,  and 1 7  pre s ent p l ot s  o f  s y s t em output 
ve r sus i n s o l at i on ,  
re spec t i ve l y . The 
a i rf l ow ,  
regre s s i on 
and 
l i ne 
amb i ent temp e r ature 
f o r  e ach i nd i v i dual 
r e l ati onshi p h a s  been supe r- impo sed on the p l o t . Hou r l y  
ene rgy re c e i ved , c o l l e c ted , and de l i ve red by the s y s tem for 
an ave rage day are depi c ted in F i gure 1 8 . 
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Energy Use Comparisons 
I n so l a t i on l eve l s  du ring the 1 9 8 1 - 8 3 he at i ng s e a s ons 
ave raged 78 p e rc ent o f  no rmal l y  exp e c ted v a l ue s , whi l e  
out s i de temp e r atu re s we re ne ar no rma l . T ab l e  4 c ompare s the 
ob s e rved we athe r c ondi t i ons wi th no rmal c ondi t i on s . 
T o t a l  ene rgy provi ded by the sy stem du r i ng the 4 1  day s 
o f  t e s t i ng w a s  3 6 9 . 9  ki l owatt-hou r s . The t o t a l  s o l a r 
r adi ati on ava i l ab l e  on the s outh - fac i ng p l ane o f  the 
c o l l ec t o r  su r f a c e  was 2 7 9 0 - ki l owatt - hour s . P ropane ene rgy 
u s e  in the two uni t s  i s  rec o rded in T ab l e  5 .  Ene rgy 
provi ded by the c onvent i onal he at i ng s y s tem ove r an 8 1 - day 
peri od from 4 Dec embe r 1 9 8 1  to 23 Febru a ry 1 9 82 was 5 49 8  
ki l owatt - hou r s  i n  the s o l a r- a s s i sted uni t and 1 0 7 7 1  
ki l owat t - hou r s  i n  the convent i onal uni t . Thi s t r an s l ated to 
7 . 4  ki l owatt - hou r s  pe r day pe r s ow and l i tt e r  in the 
c onvent i onal uni t and 5 . 7  ki l owatt-hours p e r  d a y  p e r  s ow and 
l i tt e r  i n  the s o l a r uni t ,  wi th a d i f f e renc e o f  1 . 7  
ki l owat t - hour s p e r  day per sow and l i tter . The me an dai l y  
ene rgy prov i ded by the so l ar sys tem wa s 0 . 7 5 k i l owatt- hours 
per day per s ow and l i tter . P art o f  the di s c repancy i n  the 
two va lue s i s  be c au se the va lue s for the p r op ane ene rgy 
supp l i ed are b a s ed on the total fue l c onsumed . Reduc i ng the 
propane u s e data to e st i mate u se fu l  he at ene rgy supp l i ed by 
the propane and a s sumi ng the conve r s i on e ffi c i enc y of the 
combu s t i on p r o c e s s  to be approx imate l y  0 . 6 0 ,  the di ffe renc e  
Ave rage 
Amb i ent0 Temp 0 ,  C 
Average 
Maximum 
Amb i ent  
Temp . , °C 
Ave rage 
Minimum 
Amb ien t  
0 Temp 0 ,  C 
Dai ly 
In s o l at i on , 
kWh * 
Tab l e  4 �-Je athe r Summary 0 
19 8 1 - 82 D a t a  C o l le c t i on P e r i o d  
19 8 3  D a t a  
C o l le c t i on P e r i o d 
De cemb�r January Feb ruary Fe b ruary 
Me a s ure d Norma l Me a s ure d Norma l Me a s ure d Norma l Me a s ure d Norma l 
- 8 0 5 - 6 o l - 1 1 . 6 - 9 o 3  - 6 . 7  - 7 o 2  - 6 � 2  - 7 . 2 
- 4 . 7 - l o O - 7 . 0  - 3 . 8 - 4 . 3 - 1 . 6 - 1 . 1 - 1 . 6 
- 9 0 9  - 1 1 o  2 - 15 .  7 - 14 o 9 - 1 3 . 9 - 12 0 8 - 12 0 4 - 12 . 8  
6 3 . 0  10 2 . 9  7 3 . 2 5 9 7 . 7 8  8 7 . 8 7 6 . 6  5 4 o 8 7 6 . 6  
* Norma l dai ly in s o l a t i on i s  b as e d  on 5 0% p rob ab i l i ty o f  r e c e iving a t  l e as t the g iven 
amount (Bake r an d Kl ink , 19 75 ) . Value s  were conve r te d t o  a 6 0° rur fa ce wi th dire c t  
norma l percen tage from Li s t  ( 19 6 6 )  an d t i l t  fac t or s  from Kre i th an d Kre i der , ( 19 7 8 ) . 
"'-J 
V1 
Tab le  5 Prop ane ene rgy us e . 
To t a l  So l ar Uni t  C onven t i on a l  Un i t  
cubi c fe e t , cubi c fe e t ,  ---KWh--per� -cubic-feet , - -- -KWh --p e r ·� 
prop ane gas  p r op ane gas  s ow & l i t t e r  p rop ane gas s ow & l i t te r  
12 / 4 / 8 1 - 12 / 10 / 8 1  9 0 0  100  6 . 2 7 8 0 0  3 3 . 48 
12 / 10 / 8 1- 1 / 5 / 82 9 5 0 0  3400 2 1 3 . 4 1 6 10 0  15 5 . 2 6 
1 / 5 / 8 2 - 1 / 2 6 / 8 2 7 8 0 0  2 2 9 0  1 4 3 . 74 5 5 10 2 30 . 5 7 
1 / 2 6 / 82 - 2./ 8 / 8 2 2 0 0 0  1 1 10 6 9 . 6 8  8 9 0  3 7 . 2 4 
2 / 8 / 8 2 - 2 / 9 / 82 3 0 0  1 0 0  6 . 2 7 2 0 0  8 . 3 7 
2 / 9 / 82 - 2 / 16 / 82 7 0 0  300  1 8 . 7 5  40 0 1 6 . 7 4  
2 / 1 6 / 8 2 - 2 / 2 3 / 8 2 400  0 0 400  1 6 . 74  
' 1 / 2 9 / 8 3 - 2 / 15 / 8 3 3 3  1 0  6 2 . 8 0 2 3  9 6 . 2 4 
* B as e d  on 0 . 75 3  kWh / ft 3 o f  p rop ane gas . 
-.....J 
()'\ 
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in propane use between the s o l a r - a s s i s ted and conventi ona l 
uni t s  wou ld be 1 . 0  ki l owatt- hour per day pe r s ow and l i tte r . 
B a s e d  on the s avings i n  fue l  re c o rded , a l l  ene rgy 
supp l i ed by the s y s tem du r i ng the data c o l l e c t i on pe r i od was 
uti l i z ed a s  p rodu c t i ve he at in the f ar rowi ng bu i l di ng . I t  
shou ld be noted that data were c o l l e c te d  dur i ng the c o lde st 
part of the he ating s e a s ons and that the s y s tem output was 
be l ow no rma l l y  expec ted l eve l s . 
Econom ic Analysis 
The c o s t  o f  the SE I - TE S  sy stem , exc ludi ng duc two rk , was 
$ 6 7 . 70 per squ are me te r ( ba sed on e ff e c t i ve a r e a ) . The c o st 
o f  extra fans and the amount o f  duc two rk ne c e s s ary wou ld be 
vari ab l e , depending on i ndividu a l  app l i c a t i ons . 
He l l i c ks on , et . a l . ( 1 9 8 1b ) found that the uti l i z at i on 
factor for the system w a s  about 0 . 6 7 .  The uti l i z at i on 
f actor i s  the p e rc ent age o f  the ene rgy supp l i ed by the 
system that i s  uti l i z ed a s  p roduc t i ve h e a t . The y  based 
the i r  e s timate on the rati o o f  propane ene r gy s aved to 
ene rgy p rovi ded by the s o l ar s y stem . F rom that s tudy , i t  
w a s  c onc luded that the uti l i z at i on f ac t o r  wou l d  b e  hi ghe r 
unde r no rma l we athe r condi t i ons . B a sed on the s ame me thod 
of e st imat i on ,  a l l  of the ene rgy output app e a red to have 
been u s e fu l  du r i ng the 1 9 8 1 - 8 3 i nve st i g a t i on . I t  was 
conc luded that the actu a l  uti l i z at i on f a c t o r  w a s · ne ar 1 . 0 . 
As sum i ng a s y s tem e f f i c i enc y o f  1 4  p e rc ent , a uti l i z ati on 
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f actor o f  0 . 9 5 ,  and 8 5  ki l owatt - hou r s  p e r  day o f  ava i l ab l e  
i n s o l at i on fo r a 1 5 0 day he ating sea son , the s y s tem c ou l d  be 
expe c ted to s ave fue l equ i v a l ent to about $ 4 5 . 00 per se ason 
b a s ed on p rop ane at $ 0 . 1 9  per l i te r  ( 7 . 1 ki l owatt-hou rs o f  
ava i l ab l e  ene r gy p e r  l i te r  o f  l i quid p rop ane ) ,  o r  $ 8 5 . 0 0 per 
s e a son b a sed on e l ec t r i c i ty at $ 0 . O S  per ki l owatt - hour . 
Thi s i s  a s avi ngs o f  $ 2 . 3 5 per squ a re me te r o f  e f f e c t i ve 
are a  pe r s e a s on for a prop ane he ating s y s tem o r  $ 4 . 45 per 
square me ter f o r  an e l e c tri c he ating system . Had the system 
ope rated at an e f f i c i enc y of 2 5  perc ent , wi th the 
uti l i z at i on fac to r of 0 .  67 found by He l l i c k s on , et . a l . 
( 1 9 8 1b ) , the s avi ngs wou ld have been $ 3 . 00 p e r  squ a re mete r 
for a propane he a t i ng system o r  $ 5 . 6 0 pe r squ a re mete r for 
an e l e c t r i c he ating system . 
System Reliability 
Collector 
The e ffe c t s  o f  l ow a i r  f l ow r ate s were di s cu s sed i n  
p revi ou s s e c t i ons . Ai r byp a s sed the system and ente red the 
bui lding through o the r channe l s  de spi te the c are t aken 
du r i ng c on s t ru c t i on to i nsure that a l l  duc two rk wa s 
a i rt i ght . The s y s tem pe rformed a s  expec ted du r i ng the f i rst 
ye a r  o f  ope rati on , 
s e a l  mat e r i a l s 
but we athe ring and shr i nk i n g  o f  duc t  and 
a l l owed i nfi l trati on to reduce the 
e ffectivene s s  o f  the sys tem dur i ng sub s e quent he ating 
s e a sons . 
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The de s i gn o f  the c o l l e c to r  requ i red a n  a i rt i ght s e a l  
between the g l a z ing and ab s o rb e r  at the b a s e  of the 
c o l l e c to r . Thi s pr evented drai nage o f  mo i s tu re from me l ted 
fro st and snow between the g l az ing and ab s o rbe r . The re su l t  
wa s seri ou s  ru s t  and c o rro s i on prob l em s  i n  the l owe r frame 
and on the l owe r ha l f  of the ab s o rb e r  p l ate s . Thi s 
c o rro s i on c ou l d  be expected to reduce the e f fec t i ve l i fe o f  
the s ys tem a s  we l l  a s  i nhibi t the ab i l i ty o f  the c o l l e c to r  
t o  ab s o rb ava i l ab l e  s o l a r radi ati on . 
Du st and d i rt on the c o l l ec to r  g l a z i ng we re not a 
se r i ou s  p rob l em . Snow and fro s t  accumu l at i ons on the 
c o l l e c to r  sur f a c e  a c c ounted for s ome . redu c t i on i n  c o l l e ctor 
effi c i e nc y . Wi nte r  s to rms wi th even mi no r amount s o f  
prec i p i tati on , a c c omp ani ed b y  northwe s te r l y  wi nd s , s omet i me s 
c ove red a l l  o r  porti ons o f  the c o l l e c t o r/ s to r age uni t wi th 
snow . 
Reflector Materials 
One we ek a fte r the te rmi nat i on of data c o l l e c t i on fo r 
the 198 1-82 s e a son the YS- 9 1  re f l ec t i ve mate r i a l  wa s 
de s t ro yed b y  hi gh wi nds . I t  had been i n  u s e  f o r  one ye ar . 
I t  was rep l ac ed f o r  the 1982-83 he a t i ng s e a s o n  wi th po l i shed 
a luminum sheet s . The se sheets had previ ou s l y  been u s ed on 
re f l ec to r s  at B rooki ngs , S outh D ako t a , te s ti ng the 
pe rformanc e o f  the SE I - TE S  s y s tem a s  a wate r he a te r . Dur i ng 
the summe r ,  the re f l ec t i ve . mate r i a l  wa s damaged by hai l 
whi ch l e ft the ent i re sur face marked wi th sma l l  round dents . 
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I t  was hoped that data c ou l d  b e  gathe red t o  c ompare the 
pe rfo rmance o f  the a lumi num wi th that o f  the YS - 9 1 .  The 
damaged mate r i a l  c ont i nued to re f l e c t  a uni f o rm b and o f  
radi ati on onto the no rth su rface o f  the c o l l e c to r ;  howeve r ,  
the i nten s i ty o f  the b and may have been dimini shed b y  the 
su rface i r regu l a r i t i e s  in the a lumi num . 
The ave r a ge c o l l e c to r  e f f i c i ency f o r  the 1 9 82 - 8 3 s e a son 
was 1 0 . 9  p e rc ent and the ave rage i n s o l a t i on ava i l ab l e  wa s 
47 . 1  ki l owat t - hours p e r  day . Co l l e c t o r  e f f i c i ency ave r aged 
1 9 . 1 pe rc ent f o r  the previ ou s se a s on , w i th an ave rage o f  
72 . 3  ki l owatt - hou r s  o f  radi ati on ava i l ab l e  p e r  day . The re 
wa s a l s o a s l i ght di f f e renc e  in ave r a ge a i r  f l ow rate . 
Du r i ng the 1 9 8 1 - 82 s e a s on , the f l ow r ate ave r aged 0 .  049 
cub i c  mete r s  p e r s e c ond . Fo r the fo l l ow i ng he a t i ng s e a son , 
the f l ow rate ave r aged 0 . 0 42 cub i c  me te r s  p e r  s e c ond . The 
r e su l t  wa s a one perc ent reduc ti on in the ave rage he at 
tran s f e r  c oe f f i c i ent from the 1 9 8 1 - 82 s e a s on . 
The re w a s  a s i gni fi c ant di f f e re nc e  i n  c o l l e c to r  
e f f i c i enc i e s . Howeve r ,  the l a rge di f f e renc e i n  ave rage 
avai l ab l e  i ns o l at i on m ade it d i f f i cu l t  t o  dete rmi ne the 
e ffec t o f  the d amaged re f l e c to r . S i nc e  the 
betwe en i n s o l at i on and c o l l ec to r  e ff i c i enc y 
e s t ab l i shed a t  the me a sured f l ow rate s ,  
re l ati onship 
was not we l l  
no re l i ab l e  
c onc l u s i ons c ou l d  be dr awn regarding re f l e c t o r  pe r f o rmanc e . 
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DESIG N RECO MM EN DATIO N S  
The th ree m a j or prob l ems wh i ch a f f e c ted the pe r f o rmance 
and/or the u s e fu l  l i f e of the so l ar he a t i ng s y stem we re : 
l ow a i r  f l ow rate s , snow and mo i s ture ac cumu l at i on around 
the c o l l e c to r ,  
co l l e c to r . 
and c o rro si on o f  me t a l  p a r t s  i n  the 
The mo s t  prac t i c a l  s o lut i on to the a i r f l ow p rob l em 
wou ld be the addi t i o n o f  a f an i n  the duc t  b e tween the s o l ar 
sy stem and the app l i c ati on . Thi s f an wou l d  p rovi de the 
mi nimum f l ow for e f f i c i ent so l ar sys tem p e r f o rm anc e . The 
f an wou l d  be ne eded f o r  l ive stock bu i l di ngs wi th negative 
pre s sure vent i l at i on s ystem s . A f an wou l d  i nc re a se the 
i ni ti al c o s t  of the s ys tem , but the data i ndi c ate that 
wi thout i t , the reduc t i on in e f f i c i enc y c ou l d make the 
prehe ati ng o f  venti l ati on a i r  i mpracti c a l . Conne c t i ng the 
so l ar duc two rk di re c t l y  to the bui ldi ng f an f o r  po s i tive 
p re s su re vent i l ati on s y s tems wou l d  ensure p rope r f l u i d  f l ow 
r ate wi thou t  the need for a supp l ement ary f an . 
The i nc lu s i on o f  a f an as p art o f  the s ystem de s i gn 
mi ght be bene fi c i a l  i n  o ther ways . So l ar s t o r age a i r cou l d  
be venti l ated to the out s i de envi ronment and out s i de ai r 
cou ld be pu l l ed i nto the bui lding f o r  vent i l at i on wheneve r 
out s i de a i r 
temperatu re s . 
temperature s exc eeded s o l a r . storage 
Thi s c ou l d be ac c omp l i shed by i ns ta l l i ng a 
hi nged b a f f l e  
di ffe renti a l  
i n  the due � , 
the rmo s t at . 
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c ontro l l ed manu a l l y  o r  wi th a 
Thi s wou l d  i mprove the s y s tem 
e f fi c i ency whi l e  c ons tant ope rati on of the f an wou l d  a l l ow 
the s to r age t o  c ont i nue to be charged wi th the warme r 
out s i de a i r .  
The u s e o f  a s ep a r ate fan wou ld a l s o a l l ow f l ex i b i l i ty 
in the s to r a ge c apac i ty o f  the rock bed . P ac ki ng dens i ty 
cou l d  be i nc re a sed wi th sma l l er di amete r r o c k s , thu s 
inc re a s i ng the t o t a l  the rma l  c ap ac i ty wi thout a l t e r i ng the 
b a s i c  de s i gn o f  the system . The fan wou l d  then be s i z ed fo r 
the approp ri ate f l ow rate and pre s sure drop . F l ex ib i l i t y 
was l i mi ted wi th the pre sent de s i gn be c au s e  o f  the ne ed to 
avo i d  exc e s s i ve pre s sure drop a c r o s s  the bui l din� 
vent i l at i on f an s . 
I t  shou l d  b e  noted that i nc re a s e d  the rma l  storage 
c apac i ty wou l d  p rovi de a l onge r t i me i nt e rv a l  betwe en 
maximum c o l l e c to r  temperature and max i mum s y s t em output 
tempe ratur e . I nc re a s e d  the rma l c apac i ty wou l d  a l s o tend to 
l eve l the output temp e r atu re . 
S y s tem p l ac ement and su rrounding l and sc ape were 
re spon s i b l e  for the snow ac cumu l at i ons a round the c o l l e c tor . 
The s o l a r he at i ng s y s tem was loc ated on the no rth and we st 
o f  the swi ne f ac i l i ty wi th an open fi e l d b eyond the s ystem . 
A wi ndbre ak o r  snow fenc e on the no rthwe s t  s i de wou l d  reduce 
the prob l em o f  dr i ft i ng snow . 
Sys tem p l ac ement i s  
exi s ti ng l ayout o f  the 
s i te - spe c i fi c  
app l i c at i on .  
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ac c o rd i ng t o  . the 
S now ac cumu l at i on 
p atterns shou ld be c on s i de red when dete rmi ni ng the me ri t s  o f  
i n s t a l l i ng a n  SE I - TE S  system . 
I t  wou ld b e  d i f f i c u l t  to provi de sui t ab l e  d r a i nage for 
mo i sture a c cumu l at i ons i n  the c o l l ec t o r  wi thout a l t e r i ng the 
pre s ent a i r f l ow patte rn . Mo re rec e nt s o l a r  uni t s  were 
construc ted u s i ng ga lvani z ed ste e l  on the c o l l ec t o r  frame , 
whi ch shou l d  mi nimi z e  the ru s t i ng prob l em .  
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CO N C LUS I O N S  
The f o l l ow i ng we re c onc luded regard i ng the p e r f o rmanc e 
of the s o l a r ene rgy 
( SE I - TE S ) s y s tem 
app l i c at i ons : 
i n  
i ntens i f i e r - the rma l ene rgy stor age 
l i ve s tock venti l at i o n  prehe ating 
1 .  S E I - TE S  pe rformanc e was adve r s e l y  a f f e c te d  by l ow a i r 
f l ow rate s . A supp l emental f an i s  re c ommended for 
ne gative p re s sure venti l at i on app l i c at i o n s . 
2 .  E f f i c i ency o f  the SE I - TES sys tem f o r  vent i l at i on ai r 
p rehe ati ng was 1 3 . 8  perc ent . P revi ou s s tudi e s  found 
s y s tem e ff i c i enc y between 2 4  and 2 7  p e r c e nt . 
3. Ave r age so l a r system temperatu re r i s e  w a s  5 . 2 degre e �  
Ce l s i u s  above amb i ent . 
4 .  The t i me l ag betwe en maximum ene r gy c o l l e c ted and 
maxi mum s y s tem output ave raged 7 hour s . 
5 .  Me t a l  parts i n  the c o l l e c t o r  as s emb l y  we r e  subj e c t  to 
c o r r o s i on due to c ondens ati on b e twee n  the g l az i ng and 
ab s o rb e r .  U s e  o f  ga lvani zed c omponent s and 
ru st - r e s i s t ant 
dur ab i l i ty .  
c o at i ngs may i mp r ove s ystem 
6 .  B a s ed on system e f fi c i enc y of 1 4  p e r c e nt , 8 5  
ki l owatt - hour s  p e r  day avai l ab l e  i n s o l at i on for a 1 5 0  
day he a t i ng s e a son , and a 0 .  9 5  uti l i z at i on f ac to r , 
the s y s tem c ou l d  be expected to s ave $ 45 . 00 per 
7 .  
8 5  
s e a son wi th p rop ane fue l a t  $ 0 . 1 9  p e r  l i te r  o r  $ 8 5 . 0 0 
per s e a s o n  wi th e l ectri c i ty at $ 0 . 05 per 
ki l owatt - hou r . Co st o f  the 1 9 . 1  squ a re mete r sy stem , 
exc ludi ng duc two rk , wa s $ 6 7 . 7 0 pe r square meter of 
e f f e c t i ve a re a . 
A s t ati sti c a l l y  
predi c t i ng s y s tem 
s i gni f i c ant r e l at i onship for 
output based on a i r f l ow rate , 
amb i ent tempe rature , and i nso l ati on wa s deve l oped : 
TOTAL= - 1 1 . 9  + 2 5 0-. 0A I RF - 0 . 3 9 5T arnb + 0 . 0 8 6 I NSOL 
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SU MMARY 
S o l a r he at i s  we l l  su i ted to many agri cu l tural 
app l i c ati ons b e c au s e o f  the e ffi c i ent match of hi gh entropy 
leve l s  in both the sourc e and the s y s tems re c e ivi ng the 
ene r gy . Three p r o c e s s e s  have b e en i denti f i ed a s  the mo st 
promi s i ng s i tu at i ons requi r i ng l ow temp e r a tu re he at : 
i n- sto rage g r a i n  drying , venti l at i on a i r p rehe ating fo r 
l i ve s tock hou s i ng ,  and se rvi c e  hot wat e r  he a t i ng . Bec au s e  a 
so l ar system whi ch i s  ve r s ati l e  i n  i t s app l i c ab i l i ty and c an 
remai n  i n  u s e throughout mo st o f  the ye a r  h a s the mo st 
favo r ab l e  e c onomi c potent i a l , a mu l ti - u s e  s o l ar s y s tem wa s 
de s i gned at S outh D ako t a  State Uni ve r s i ty and te sted i n  a 
numbe r  o f  app l i c at i ons and l o c ati ons . 
The sys tem wa s i n s t a l l ed at a swi ne f ar r owi ng fac i l i ty 
ne ar S i oux F a l l s , S outh D akota and f i e ld p e r f o rm anc e te sts 
we re c onduc ted du ri ng the 1981-82 and 1982-83 wi nt e r  he ating 
s e a s ons . L ow a i r - f l ow rate s due to i nf i l t r at i on we re 
enc ounte red , and the system performed be l ow e xp e c ted l eve l s . 
The system wa s i ns t rumented for data c o l l e c t i on and dai l y  
p e r f o rmanc e o f  the system w a s  ana l yzed s t a t i s t i c a l l y . A 
re l at i onship wa s deve l oped to predi c t  the d a i l y  s ystem 
output . 
Ove r a l l  s ystem e f fi c i enc y  ave raged 13. 8 p e r c e nt du ring 
the t e s t  p e r i o d s , whi ch i s  be l ow the 24 t o  27 pe rcent 
8 7  
enc ounte red i n  p revi ou s t e s t s . A f an i n  the s y s tem du c t  wa s 
rec ommende d t o  imp r ove system pe rfo rmanc e i n  
whe re i nf i l trati on mi ght a l t e r  the de s i gn 
app l i c at i ons 
f l ow rate s . 
C o r ro s i on r e s i s t ant c o atings f o r  c e rt a i n  c omponent s we re 
rec ommended in o rde r to extend the l i fe of the s o l a r  system 
to an e c onomi c a l l y ac c eptab l e  l eve l . 
88  
REFERENCES 
As t l e fo r d , S c o t t  R .  1 9 8 1 . " So l ar Energy Int en s i fi e r - Therma l 
Ene rgy S t orage Sys tem Eva lua t i on for Ven t i l a t i on Air 
Pre - he at in g . " M . S .  The s i s , S outh D ako t a  S t ate Univers ity 
Bro okin g s , SD 5 70 0 7 .  
B aker , D on a l d G . , an d John C .  Kl ink . 19 7 5 . S o l ar Radi a t i on 
Re cep t i on , Prob ab i l i t ie s , an d Are a l  D i s t r ib u t i on in the 
North Cen t r a l  Re g i on . USDA , North C en t ra l Re g i onal 
Re s e ar ch Pub l i cat i on No . 2 2 5 . 
B l e ds oe , B . L . , an d Z . A .  Henry . 19 80 . S o l a r  dry ing l arge roun d 
b a l e s  o f  h i gh mo i s ture hay . Agri cul tur a l  Ene r gy : So lar 
Ene r gy an d Live s t o ck Pro duc t ion . ASAE , S t . J o s eph , MI 
4 9 0 85 . Vo l .  1 ,  pp . 6 6 - 7 2 . 
Brewe r , Rob ert N . , C l i fford A .  Floo d , E lwynn S .  Tay l or , Joe L .  
Koon , an d Morr is �"h i t e . 19 8 1 .  s o·l ar Appl i c at i ons in 
Agr i cul t ure . The Fr�nk l in Ins t i tute Pre s s ,  Phi l a de lph i a , 
PA . 143 pp . 
C a l de rwoo d ,  D . L . 1 9 8 0 . Ri ce drying t e chnique s  wi th s o l ar he �t . 
Agri cul t ur a l  Energy : S o l ar Ene rgy an d L i ve s t o ck Pro ­
duc t i on . ASAE , S t . Jos eph , MI 4 9 0 8 5 . pp . 3 6 - 40 . 
Chau , K . V . , an d C . D . B a ir d . 1 9 8 0 . S o l ar gra in drying un der ho t 
an d humi d con di t i on s . Agri cultura l Ene r gy : S o l ar Ene rgy 
an d L ive s t o ck Pro duc t i on . ASAE , S t . J o s e ph , MI 4 9 0 85 . 
Vo l . 1 ,  pp . 3 1 - 35 . 
C o l l in s , N . E . , G . S .  McC arthy , an d L . J .  Kemb le . 1 9 8 3 . Evaluat ion 
o f  re f l e c t ive s urface mat e r i a l s  for con cen tra t ing co l ­
l e c t or s . ASAE P ap e r  No . 8 3 - 40 3 6 , ASAE , S t . J o s eph , MI 
4 9 0 8 5 . 
DeShaz e r , J . A . , D . D . S chul te , B . D . Mos er ,  an d G . R . Bo dman .. 
1 9 8 0 . S o l ar s p ace he at in g  a growing - fin i s hin g  swine 
bui l ding without adde d therma l s torage . Agri cul t ura l 
Ene rgy : S o l ar Ene rgy an d Live s t o ck Pro duc t i on . ASAE , 
S t . J o s eph , MI 4 9 0 85 . Vo l . 1 ,  pp . 16 6 - 16 9 . 
Drury , L . N . , B . W . Mi t che l l , an d C . W .  Be ar d . 1 9 8 0 . S o lar 
p ou l t ry b roo din g  re s e arch at the S outhe a s t P o ul try Re ­
s e arch Lab o r a t o ry - a progre s s  rep or t . A gri cul tura l 
Energy : S o l ar Ene rgy an d Live s to ck Pro duc t i on .  ASAE , 
S t . J o s eph , �I 4 9 0 8 5 . Vo l .  1 ,  pp . 2 2 8 - 2 3 5 . 
Duffie , J ohn A . , an d Hi l l i am A .  Be ckman . 1 9 80 . -s·o lar En ­
gin·e·e·r·ing o·f Thermal Pro c e·s·s·e s . John Wi ley and S ons , 
New York , NY . 7 6 2  pp . 
Eno , Bur t on E . , an d E .  John Fe l derman . 1 9 8 0 . Sup p l emen t a l 
he at for grain drying with a t r an s p o r t ab le s o l ar he a ter . 
Tran s a c t i on s  o f  the ASAE - 1 9 8 0 . ASAE , S t . J o s eph , M I  
4 9 0 8 5 . Vo l . 2 3 � No . 4 ,  pp . 9 5 9 - 9 6 3 .  
Fe l t on , Kenne th E . , an d Rus s e l l B .  Brin s fie l d .  1 9 8 0 . Re t ro ­
fi t t ing o f  a s o l ar c o l le ctor t o  he at a b ro i l e r  p ro ­
duc t i on fac i l i ty . Agri cult ural Ene rgy : S o l ar Ene rgy 
an d Live s t o ck Pro duct ion . ASAE , S t . J o s eph , MI 4 9 0 85 . 
Vo l . 1 ,  p .  2 7 1 .  
8 9  
F l oo d , C . A .  , J .  L .  Koon , an d R . N .  Brewer . 1 9 8 0 . Broo ding 
bro i l er chi ckens with -s o l ar energy . Agr i cul t ura l Energy : 
S o l ar Ene rgy an d Live s t o ck Pro duc t i on . ASAE , S t . J o s eph , 
MI 4 9 0 8 5 . Vo l .  1 ,  pp . 2 2 3 - 2 2 7 .  
Hal l , Fre d ,  Me r l e  E s may , Gar dj i t o , Rona l d  Han ey ,  an d C al F l e ga l . 
1 9 8 0 . S o l ar he a t in g  o f  p oul try layin g  hous e s  in the 
northern s t at e s . Agri cul tural Ene r gy : S o l ar Energy an d 
Live s t o ck Pro duc t i on . ASAE , S t . J o s eph , MI 4 9 0 85 . Vo l .  
1 ,  pp . 2 42 - 2 4 6 . 
Han s en , Ralph W . , an d Char l e s  C .  Smi th .  1 9 7 7 .  Mul t ip le us e 
s o l ar he at co l le c t ion an d s torage s ys t em for grain dry ­
ing . Dep artmen t o f  Agri cult ura l an d Chemi c a l  Engine ering , 
C o l or a do S t a t e  Univers ity , Fort C o l l in s , C O . 
Hebe r , A lb er t  J .  1 9 7 9 . "Performan ce an d Eva lua t i on o f  Swine 
Hous e He a t in g  Wi th a S o lar Energy Int en s i fi e r - The rma l 
Energy S t orage Sys t em . " M . S .  The s i s , S o uth Dak o t a  S t ate 
Un ive r s i ty , Brook ings , SD 5 7 0 0 7 . 
Re i d , Wal te r  G .  Jr . , an d Warren K .  Tro t t e r . 1 9 8 2 . Progre s s o f  
S o l ar T e chno l o gy an d P o t en t i a l  Farm U s e s . USDA , Agri ­
cul tur a l  E conomi c Rep ort No . 4 8 9 , E conomi c Re s e arch S e r ­
vi ce , Washington � DC 2 0 2 5 0 . 
He i d , Wal te r  G .  Jr . , an d Davi d G .  Al di s . 1 9 8 1 .  S o l ar- s upp le ­
men t e d natur a l  air drying o f  she l le d  corn - the e conomi c 
l imi t a t i on s . Nat ional E conomi cs Divi s i on , E conomi cs an d 
S t a t i s t i cs S e rvi ce , USDA , Washington , D C  2 0 2 5 0 . Te ch - _ 
n i c a l  Bul l e t in No . 1 6 5 4 .  
Re i d ,  Wal t e r  G .  Jr . , an d Erro l V .  Wi l li ams . 1 9 8 2 . Dairy farm 
ho t wat e r : An e conomi c eva lua t i on o f  s o l ar co l le c t ors 
vs . he at e xchan ge r s . Bul l e t in No . 6 4 0 , Agri cul tura l Ex­
p erimen t S t at i on ,  Kan s a s S t ate Unive � s i ty , M anhat t an ,  KS . 
9 0  
He l l evan g , Kenne th J .  19 7 9 . "De s i gn an d Per forman ce o f  a 
S o lar Ene rgy Int en s ifier S ys t em for D rying S he l l e d  C orn" . 
M . S .  The s i s , S outh D akot a  S t ate ·unive rs i ty ,  Brookings , 
SD 5 7 0 0 7 .  
He l l i cks on , Myl o  A .  1 9 7 9 . C o s t / Performan ce g o a l s  for agri ­
cul t ural s o l ar c o l l e c tors . ASAE P ap e r  No . 7 9 - 40 5 4 , ASAE , 
S t . J o s eph , M I  4 9 0 85 . 
He l l i ck s on , �1y l o  A .  19 8 0 . Evo lut ion o f  a s o l ar ene r gy int en ­
s i fi e r - the rma l energy s t orage s y s tem for a gr i cul t ura l 
app l i cat i on s . C o s t a  Ri can Workshop on Ene rgy an d Deve l ­
opmen t , S an J o s e ' , C o s t a Ri ca . 
He l l i cks on , Myl o  A . , Le s l ie L .  Chri s t ian s on , an d Albert J .  
Heb e r . 19 8 la .  �1ul t i -us e  s o l ar energy -int en s i fi e r - therma l 
ene rgy s t orage s y s tem performan ce . ASAE P ap e r  No . 8 1 -
45 5 5 , ASAE , S t . Jo s eph , MI 4 9 0 8 5 . 
He l l i cks on , My l o  A . , Wi l l i am B .  Wi tme r , Rob e r t  L .  Woe rman , an d 
J e rry Lus h . 19 8 lb .  Supp lemen tal farrowing b arn he a t ing 
wi th s o l ar ene rgy . ASAE Pap e r  No . N CR- 8 1 - 0 2 2 , ASAE , S t . 
J o s eph , MI 4 9 0 8 5 . 
Hi l l , J ame s E . , an d Tamami Kusuda . 1 9 74 .  Me tho d o f  Tes t ing 
for Rat ing S o l ar C o l le c t ors Bas e d  on The rma l Performan ce . 
NB S IR- 7 4 - 6 35 , Therma l Enginee ring S e c t i on , C en ter for 
Bui l ding Te chno l o gy , N a t i onal Bureau of S t an dards , 
Wa shingt on , D C  2 0 2 34 .  
Ho lman , J . P .  1 9 8 1 .  He at Tran s fer . M cGraw-Hi l l  B o ok C omp any . 
New York , NY . 5 70 pp . 
Jul s on , J ame s L .  1 9 7 7 . " Supp lemen t a l  Sp ace He a t in g  Us in g  a 
S o l ar Ene rgy In ten s i fi e r - Therma l Ene r gy S torage Sys tem . " 
M . S .  The s i s , S outh Dakota S t ate Un ive r s i ty , Brookings , 
SD 5 70 0 7 .  
Kamme l , D . W . , an d C . O . Crame r . 1 9 8 1 .  A s o l ar c o l le ctor- un de r ­
groun d duc t s y s t em for temp ering ven t i l a t i on air - a 
c a s e  s tudy .  ASAE P aper No . 8 1 - 45 19 ,  ASAE , S t . Jo s eph , MI 
4 9 0 8 5 . 
Kl ine , Gera l d  L .  1 9 8 0 . So lar C o l l e ct ors for Mul t ip le - us e  
App l i ca t i on s  on Farms . USDA S ci ence an d E duc a t i on Ad­
min i s t r a t i on , Agri cul t ural Re s e arch , Ame s , IA . 
Ko che r , Mi ch ae l F . , Ge ral d R .  Bo dman , an d M e r l yn L ay . 1 9 8 1 .  
S o l ar grain drying an d farrowing hous e he a t in g  wi th a 
mul t i - us e  co l l e c t o r . ASAE P ap e r  No . 8 1 - 45 5 lt. , ASAE , S t . 
J o s eph , MI 49 0 85 . 
9 1  
Kre i t h , Frank , an d Jan F .  Kre i der . 19 7 8 . ·Princ·ip.le·s ·o f  "S o l ar 
·Eng·in·e·er·ing . Hemis phere Pub l is hin g  C o rp o ra t i on , Washing-
t on , D C . 7 7 8 pp . 
Li s t , Robert J .  1 9 6 6 . ·smi ths on·i·an· Me t·e o'ro'l ogi c a l  Tab le s . 
6 th E di t ion . The Smi ths oni an In s t i t ut i on , vJashington , 
D C . 5 2 7  pp . 
Ly t le , Wi l l i am F . , an d My l o  A .  He l l i cks on . 19 80 . S o l ar energy 
dat a  for r e s e arch nee ds an d for us e in de f in in g  s o l ar 
s y s t em p e r fo rmance . ASAE Paper No . 8 0 - 45 1 8 , ASAE , S t . 
J o s eph , MI 4 9 0 8 5 . 
Meine ! ,  A den P . , an d Harj orie P .  :He ine l .  1 9 7 6 . Appl i e d  
S o l ar Ene rgy :  An In tro duc t·i on . Addi s on -�·Je s le y  Publi shing 
·comp any . Rea ding , MA .  65 1 pp . . 
M i dwe s t  P lan S e rvi ce . 19 7 8 . Pro fe s s i on a l  De s i gn S upp l ement . 
Mi dwe s t  P l an S e rvi ce , Ame s , IA 5 0 0 1 1 . 
Morr i s on , D . W . , an d G . C .  Shove . 19 8 0 . S o l ar dry ing o f  large 
roun d hay b a l e s . Agri cul tural Ener gy : S o l ar Ene rgy 
an d Live s t o ck Pro duc t i on . ASAE , S t . J o s eph , M I  4 9 0 8 5 . 
V o l . 1 ,  pp . 7 3 - 7 7 . 
P a t t on , Ar thur R .  19 7 5 . So l ar Energy for He at ing an d C oo l ing 
o f  Bui l dings . Noye s Data Corporat i on , Park Ridge , NJ . 
328 pp . 
Po l ak , Ri t a  1-1 . 19 8 1 .  "Mo de l ing an d Te s t in g  o f  a S o l ar Energy 
Int en s i fi e r  Sys tem . " M . S .  The s i s , S o uth Dako t a  S t ate 
Univer s i t y , Brookings , SD 5 7 0 0 7 .  
Ree ce , F . N . 1 9 8 0 . U s e  o f  s o lar ene rgy in p oul t ry p r o duc t ion .  
Agri cu l t ura l Energy : S o l ar Energy an d Live s t o ck Pro duc t i on , 
ASAE , S t . J o s eph , MI 49 0 85 . Vo l . 1 ,  pp . 2 3 6 - 2 4 1 . . 
Ree der , Ran da l l  C . l 9 8 3 . So l ar s y s tem wi th ro ck s t orage for 
swine bui l din g s . ASAE Paper No . 8 3 - 40 7 7 . ASAE , S t . 
J o s eph , MI 4 9 0 8 5 . 
Rob b in s , F . V . , an d C . K .  Sp i l lman . 1 9 8 0 . Pre di c t e d p erformance 
of the KSU s o l ar co l le ctor- s t orage s y s t em .  Agri cul tura l 
Ene rgy : S o l ar Energy an d Live s t o ck Pro duc t ion .  ASAE , 
S t . J o s eph , M I  4 9 0 8 5 . V o l . 1 ,  pp . 16 0 - 16 5 . 
S a i en ga , S te ven E .  19 7 7 . "De s i gn an d Te s t ing o f  a · S o l ar Ene rgy 
Int en s i fi er for Dryin g  She l l e d  C orn . " M . S .  The s i s , 
S outh Dak o t a  S t ate Un ive rs i ty , Brook ings , SD 5 70 0 7 .  
S chul t e , Denni s  D . , an d Eugene Veburg . 1 9 8 0 . C on s t ruc t ion 
an d s y s t em e conomi cs · o f  a s o l ar - he a t e d swine growin g ­
fin i s hing fa c i l i ty . Agricul tur a l  Energy : S o l ar Ene rgy 
an d Live s t o ck Pro duc t ion .  ASAE , S t . Jo s eph , HI 4 9 0 8 5 . 
Vo l .  1 ,  p p . 1 5 5 - 15 9 . 
9 2 
Shove , Gene C .  1 9 8 1 .  U t i l i z at ion o f  s o la r  bui l dings for dry­
ing gra in . Amer i c an Se c t i on o f  the In t e rna t iona l So lar 
Energy S o c ie ty , Pro cee dings o f  the 1 9 8 1  Annua l Mee t in g . 
AS / IS E S , In corp o rate d ,  Univers i ty o f  D e l aware , Newark , 
DE 19 7 1 1 . Vo l . 1 ,  pp . 4 1 - 43 . 
S i e ge l , C alvin E .  19 7 8 . "Per forman ce o f  a D i urna l ly Tracking 
S o l ar Ene r gy In t en s i fier . " M . S .  The s i s , S outh Dakota 
S t ate Un ivers i ty , Brook ings , SD 5 70 0 7 .  
S o l ar Age C a t a l og . 19 7 7 . Gui de t o  S o l ar Ene rgy Kn owle dge an d 
Mat e r ia l s . S o larV i s i on , Incorp orate d ,  Harr i s vi l le , NH 
0 345 0 . 
Tro t t e r , Warren K . , Wal te r  G .  Re i d ,  Jr . , an d R . G .  McE l roy . 
19 7 9 . S o l ar ene rgy for agri cul ture : Revi ew o f  re s e ar ch . 
USDA E conomi cs , S t at i s t i cs , an d C oo p erat ive s S ervi ce .  
Washingt on , D C . 
Van Zwe den , J ohn , My lo A .  He l l i ck s on , an d L e s l i e  L .  Chri s t i ans on . 
19 8 2 . SE I - TE S  s y s t em te s t ing , eva lua t i on , an d s imul at ion .  
ASAE P ap e r  No . 8 2 - 45 44 , ASAE , S t . Jo s eph , M I  4 9 0 8 5 . 
V aughan , D . H . , B . J .  Ho lme s , an d E . S .  Be l l . 1 9 8 0 . S o lar he at ­
ing o f  a swine nur s e ry .  Tran s ac t i on s  o f  the ASAE . 
ASAE , S t . J o s e ph , MI 4 9 0 85 . Vo l .  2 3 , No . 1 ,  pp . 15 0 - 16 1 .  
Wiersma , Frank . 1 9 8 0 . Re ducing convent ion a l  ener gy us e in the 
mi lking p ar l or . ASAE P ap e r  No . 8 0 - 0 2 6 , A SAE , S t . Jo s eph , 
MI 4 9 0 8 5 . 
App endix A 
FARROWING COMPLEX PLANS 
9 3 
I A � ..__R --"" r - � -L_D 
� J ... ... -
S OH 
WASH 
-
I v h I !-----' 
� MED . 
ROOM 
ti . V 
LJ L:J L:J L:J 
111 112 11 1 112 
--� 
I 
N 
I 
r. -
D 
, ·· 
-- .... ,, r-
; 
j. .p.....j \ \ / E 
" 
G 
lj� 
. �L 
/1 1  - 3 - 40 �.J /min Var � ao 1 e  � p e e  a r·an 
112 - 100  m /min S ingle  Sp e e d  Fan 
FIGURE A 1. PLAN VI EW OF THE FARROWING FACILITY . 
DIMENS IONS : A= 12 . 2  m ,  B= 1 . 8 m ,  C= 14 . 9  m ,  D= 4 . 9 m ,  E= 7 . 3 m ,  F= 1 . 4 m ,  
G= 2 . 3  m ,  H= 0 . 9 m ,  I= 0 . 8 m .  � 
� 
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INLET
/ ADJUS TABLE VENT ILAT ION 
SLOT 
1 . 4 x 2 . 3 m FARROWING CRATES 
2 . 4  m � �  
MANURE P I T  
1 . 4  m 2 . 3 m 
1 
FI GURE A2 . S IDE VI EW OF FARROWING FACIL ITI E S .  
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App en dix B 
SOLAR SYSTEM COSTS 
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9 7  
Tab l e  B . l C o s t o f  mat er i a l s  for S E I -TES s y s tem .  * 
Quan t i ty Des crip t i on C o s t  
C o l l e c t or 
1 7 . 6 5  m2 1 . 2 mm s he e t  s tee l ( ab s orb e r  p l a t e ) 
4 . 46 m2 1 . 2 mm she e t  s tee l (cove r )  
2 . 9 7 m2 1 . 2  mm she e t  s tee l ( t op )  
0 . 9 3 rr2 1 . :' � sheet s tee l (en ds )  . . . $ 185 . 0 0 
40 . 80 m 1 . 9 X 1 . 9 em s q . tub ing . . . . . 45 . 0 0 
2 . 10 m 0 . 6  X 1 . 9 em s t rap . . . 2 . 0 0 
0 . 1 8 m2 1 . 2  mm t in ( g l as s s upport s )  . . .• 1 . 0 0 
15 . 2 4 m2 1 . 3 em p lywoo d  (b ack in g )  . . . 6 2 . 0 0 
1 1 . 2 2 X 2 . 44 m s he e t  o f  2 . 5  em 
s tyro foam ( top ) . . . . . 5 . 0 0 
0 . 74 m2 5 . 0  em s tyro foam (en ds )  . . 3 . 00 
1 7 . 6 5  m2 l ow iron g l a s s p ane l s  . . 2 85 . 0 0 
10 1 . 2 rmn ,  3 m l on g , 9 em wi de 
b ent w/ 2 . 3 em i d .  . . . . . . 2 6 . 0 0 
10  1 . 2  mm ,  3 m l on g , 9 em wi de 
b en t  w/ 3 . 5  em i d .  . . . . . . 2 3 . 0 0 
2 0  1 . 2 rmn ,  3 m l ong , 2 . 5  em wi de 
b en t  t o  1 . 3 X 1 . 3 em L . . . . 10 . 0 0 
Lab o r  - she aring an d b en ding . . . 9 0 . 0 0 
Re fle ctor 
2 5 . 9  m 0 . 5  X 1 . 9 em s trap . . . . . . . 1 8 . 00  
1 0 9 . 7 m 1 . 3 em s q . ro d . . . . . 1 35 . 0 0 
Quan t i t y  
1 16 . 7 m 
1 3 . 7  m 
1 . 5 m 
1 . 5  m 
5 1 . 8 m 
3 9 . 5  m2 
10 . 0  m 
1 4 . 6  m 
18 . 3 m 
8 0  
40 
80 
2 0 0  
8 0  
8 0  
16  
3 0  
18 . 3  m 
2 1 . 9 m 
5 1 . 8 m 
Tab le B . 1 ( con t . )  
De s c r ip t ion C o s t 
1 . 3  em ro d . . . . . . $ 1 1 3 . 0 0 
2 . 5  em r o d  . . . . 5 3 . 0 0 
1 . 9 X 0 . 5  em an g l e  2 . 0 0 
1 . 0 X 0 . 5  em s tr ap . . . . 1 . 0 0 
1 . 9 X 0 . 3 em s trap . . . . 2 4 . 00 
Kinglux re rle ctor mat e r i a l  8 5 0 . 0 0 
10 em f l an ge ! -be am . . . . 1 12 . 0 0 
5 X 10 em re f l e c t or s up p o r t  . . . . 12 . 00 
15 em b e am . . . . . . . . . 9 0 . 0 0 
r·1is  ce l l aneous Hardware 
7 . 6 x 0 . 6  em b o l t s  (re fl e c t or ) . 4 . 0 0 
10 x 0 . 6  em thr e a de d  ro d ( co l le ct o r ) . 2 . 6 0 
0 . 6  em washers . .  
0 .  6 em nut s . . 
0 .  5 em nuts . . 
0 . 5  x 1 . 3 em machine s crews . .  
s ui t cas e c l as p s . 
0 . 6  x 2 . 5  em bo l t s  
2 . 10 
6 . 0 0 
1 . 6 0  
1 . 6 0 
6 . 40 
1 . 2 0 
1 . 9 x 0 . 3 em foam ( s in g le s t i ck ) . . 3 . 0 0 
1 . 3 x 1 . 3 em foam ( s in g l e  s t i ck )  . . 5 . 7 0 
0 . 0 8 x 1 . 9 em foam ( doub le s ti ck ) . . 8 . 2 0 
9 8  
9 9  
Tab le B . l  ( c on t . )  
----------�----�----�--�---�,�--����----�·�--------------
Quant ity 
125 
24 
4 
3 9  m 
2 1  
4 
3 0 . 2  m2 
5 
De s crip t i on 
# 8  x 1 . 9 em woo d  s crews . 
1 7 . 3  x 1 . 3 em b o l t s  & nut s 
D ryin g  Bas e 
1 . 3 em p lywoo d  she e t s  
C o s t  
$ 3  0 75 
1 3 . 00  
4 8 . 0 0 
5 x 10 em lumb e r  . . . . . . 32 . 0 0 
5 em s tyro fo am s he e t s  . 
l ight t in (wo o d  shi e l d) 
Ro ck S torage B a s e  
1 . 3 em p lywoo d she e t s  . 
X 15 em boards , 4 . 9  m l on g  
1 5  em fib erg l as s insul a t i on 
Water He a t in g  Material s  
. . . 
. . 
. . 
0 
. 
. 
. 
. 
48 . 00 
7 . 0 0 
2 5 2 . 00 
1 9 . 0 0 
9 0 . 0 0 
Fan , he a t  e xchan ge r ,  p lumb in g , e t c .  . . 6 5 0 . 0 0 
To t a l  C o s t  ( fo r  a l l  thre e
_ 
app l i ca t i on s ) .  3 35 2 . 0 0 
* Bas e d  on 1 9 8 2  p r i ce s . C o s t o f  ma chining an d p art ia l  
a s s emb ly a r e  in c luded .  
App en di x  C 
MULTI PLE REGRE S S ION TABLE 
1 0 0  
1 0 1 
Tab l e  C . l  Mul t ip l e  regre s s ion tab l e for TOTAL ver s us AIRF 1 
Tamb , and INSOL . 
D F  SUM OF S QUARES MEAN S QUARE F PROB F 
Re gre s s i on 3 2 2 40 . 75 746 . 9 2 3 9 . 4 1 0 . 0 0 0 1 
Error 3 7  7 0 1 . 3 0  18 . 95 
To t a l  4 0  2 9 42 . 0 5 
B Value 
* 
S t d .  Error Type II S S  F Prob . F 
In tercep t - 1 1 . 8 7  
AIRF 2 5 0 . 0 0 4 3 . 2 0 6 34 . 7 3  3 3 . 4 9  0 . 0 00 1 
Tamb - 0 . 3 9  0 . 1 1 2 2 3 . 49 1 1 . 7 9  0 . 0 0 15 
IN S OL 0 . 0 9 0 . 0 2 4 1 7 . 0 0 2 2 . 0 0 0 . 00 0 1  
r s quare d = 0 . 7 6 
* The B Va lue i s  the coe ffi cient o f  the var i ab l e  l i s te d .  
Appen di x  D 
DAILY DATA SUM}�RIES 
102 
Tab le D . l Dai ly dat a s ummar i e s . 
Date IN SOL Tam� AIRF COLL SYS TOTAL 
(kWh ) (OC (m3 j s )  (%) (%) (kWh ) 
19 8 1  
12 : 10 8 . 6 8 - 2 . 4  0 . 0 44 5 1 . 6 7 1 . 6 6 . 2 1 
12 : 1 1 12 . 6 1 0 . 1 0 . 04 3  12 . 1  12 . 6  1 . 5 8  
12 : 12 14 . 48 - 0 . 1  0 . 0 4 7  14 . 6  1 8 . 2  2 . 6 3 
12 : 13 19 . 6 9 - 7 . 0  0 . 02 4  1 9 . 0  2 2 . 7  4 . 4 7 
12 : 1 7 12 8 . 8 8 - 2 3 . 3 0 . 0 6 5  2 4 . 5  i 1 7 . 7  2 2 . 85 
12 : 18 1 19 . 5 7  - 2 4 . 4  0 . 0 6 2  2 9 . 5  1 9 . 8  2 3 . 6 1  
12 : 19 2 9 . 32 - 12 . 9  0 . 0 30 5 . 4  - 0 . 8  - 0 . 2 2 
12 : 2 0 4 3 . 0 8 - 2 . 7  0 . 0 3 1  0 . 2  - 7 . 8 - 3 . 3 6 
12 : 2 1 1 1 3 . 0 2 - 3 . 2  0 . 0 75 2 1 . 7 12 . 2  1 3 . 7 6 
12 : 2 2 1 14 . 5 3 - 7 . 2  0 . 0 76 2 5 . 3  1 9 . 9  2 2 . 7 5  
12 : 2 3 6 8 . 5 6 - 8 . 3  0 . 0 7 1  2 6 . 7  2 5 . 9  1 7 . 74  
12 : 2 4 1 1 9 . 4 7 - 10 . 0  0 . 0 8 4  2 4 . 0 2 1 . 8 2 6 . 0 8 
12 : 2 6 16 . 0 7 - 5 . 7  0 . 05 9  1 3 . 3  2 5 . 9  4 . 1 7  
12 : 2 7 6 8 . 1 7  - 9 . 0  0 . 0 46 2 0 . 6  1 3 . 4  9 .  15 
12 : 2 8 12 1 .  10 - 1 3 . 0  0 . 0 8 9  34 . 9  2 8 . 8 34 . 9 0 
12 : 2 9 37 . 9 9 - 14 . 0  0 . 0 6 0  14 . 3  2 9 . 9  1 1 . 3 7  
12 : 30 2 0 . 0 0 - 6 . 5  0 . 05 7  5 . 0  - 7 . 6  - 1 . 5 3  
12 : 3 1 7 7 . 9 5 - 18 . 1 0 . 04 7  10 . 3  1 9 . 7  15 . 35  
19 82  
0 1 : 0 1 49 . 84 - 9 . 1  . 0 . 0 46  6 . 7  - 2 . 9  - 1 . 44 
0 1 : 0 2 4 7 . 65  - 14 . 4 0 . 0 42 1 3 . 2  16 . 1  7 . 6 8 
0 1 : 0 3 5 3 . 9 5 - 16 .  7 0 . 045 ' 16 . 3  14 . 4  7 . 7 7  I-' 
0 1 : 0 4 1 1 7 . 8 9 - 1 1 . 4 0 . 0 2 9  1 4 . 2  3 . 2 -� 3 .  8 0  
0 
w 
T ab le  D . l ( cont . )  
Date IN S OL Tamb AIRF COLL SYS TOTAL 
(kWh ) (OC ) (m3 / s )  (%) (%) (kWh) 
0 1 : 2 7  5 8 . 5 8 - 4 . 4 0 . 0 6 9  2 3 . 0  1 1 . 2  6 . 5 5 
0 1 : 2 8 8 7 . 0 1  - 8 . 1 0 . 0 40 19 . 4  7 . 8 6 . 8 0 
0 1 : 2 9 8 7 . 0 9  - 6 . 4  0 . 0 45 2 7 . 5  12 . 0  10 . 45 
0 2 : 0 3 12 3 . 6 0 - 1 1 . 8 0 . 04 7  2 4 . 5  1 8 . 1 2 2 . 3 9  
0 2 : 1 1 135 . 44 - 15 . 5  0 . 0 3 7  2 2 . 1  10 . 5  14 . 2 2 
0 2 : 12 48 . 02  - 9 . 8  0 . 042  2 3 . 9  2 2 . 7  10 . 9 2 
0 2 : 1 3 1 12 . 4 7 - 7 . 2 0 . 0 34 19 . 4 ' 6 . 4  7 .  2 4  
0 2 : 14 8 8 . 9 7 - 1 . 1 0 . 0 3 2  15 . 8  4 . 7 4 . 2 2 
02 : 15 1 1 7 . 15 - 1 . 6 0 . 0 38 19 . 8  8 . 9  10 . 4 1 
0 2 : 16  2 9 . 3 8 0 . 8  0 . 0 34 1 8 . 4  2 0 . 2  5 . 9 3 
02 : 1 7 2 8 . 0 8 1 . 2 0 . 0 40 10 . 3  1 3 . 5  3 . 8 0 
0 2 : 18  14 1 . 2 6 1 . 4 0 . 0 3 9  2 2 . 0  4 . 8 6 . 7 2 
1 9 8 3  
0 1 : 2 8  18 . 7 3 1 . 1 0 . 05 6  1 1 . 6 - 1 3 . 2  - 2 . 4 8 
0 1 : 2 9  30 . 13  - 3 . 1 0 . 046  7 . 2  16 . 0  4 . 8 1  
0 1 : 30 6 1 . 85 - 1 1 . 3 0 . 04 7  2 2 . 1  2 1 . 1 1 3 . 0 6 
0 2 : 0 2 3 1 . 42 - 1 1 . 0 0 . 00 6  5 . 4  5 . 6  1 . 7 7  
0 2 : 0 3 1 1 6 . 6 6 - 12 . 2  0 . 04 1  7 . 4  8 . 1 9 . 4 8 
02 : 1 1 3 3 . 6 4  - 1 . 3 0 . 05 3  1 3 . 6  8 . 5 2 . 8 7 
0 2 : 12 37 . 5 6 - 0 . 3  0 . 044 9 . 0  3 . 6  1 . 34 
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